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Pdufk 5334
Devwudfw
Zh frqvlghu d g|qdplf jhqhudo htxloleulxp prgho zlwk froohfwlyh zdjh edu0
jdlqlqj dqg lqyhvwljdwh krz xqhpsor|phqw g|qdplfv duh dhfwhg e| wzr w|shv
ri exgjhwdu| srolflhv1 Lq olqh zlwk wudglwlrqdo uhdvrqlqj/ d edodqfhgexgjhw
uxoh dpsolhv  xfwxdwlrqv lq wkh vkruw uxq/ zkhuhdv dq xqedodqfhgexgjhw
srolf| gdpshqv wkhp1 Krzhyhu/ wkh odwwhu srolf| vwuhqjwkhqv xqhpsor|phqw
shuvlvwhqfh e| lwv dgyhuvh lpsdfw rq jurzwk/ dqg pd| hyhq ghvwdelol}h wkh
dgmxvwphqw sdwk1 Li wklv lv wkh fdvh/ d ixwxuh vfdo frqvrolgdwlrq lv qhhghg
zklfk ixuwkhu udlvhv xqhpsor|phqw1 Wkhvh uhvxowv duh frqvlvwhqw zlwk hp0
slulfdo hylghqfh rq d srvlwlyh furvvfrxqwu| uhodwlrqvkls ehwzhhq jryhuqphqw
eruurzlqj dqg xqhpsor|phqw shuvlvwhqfh1
Nh|zrugv= Xqhpsor|phqw/ Ryhuodsslqj jhqhudwlrqv/ Sxeolf ghew
MHO fodvvlfdwlrq qxpehuv= H57/ H95/ K95
￿Zh wkdqn Dqvjdu Ehonh/ Jlxvhssh Ehuwrod/ Zroijdqj Iùwwlqjhu/ Khlq} Khuupdqq/ Mrdfklp
Nhoohu/ Udvpxv U hu/ Uroi Vwudxfk/ dv zhoo dv vhplqdu sduwlflsdqwv lq Nlho/ W elqjhq/ ] ulfk/ dw
wkh Ghxwvfkh Exqghvedqn/ dqg dw wkh 5qg HFE Oderxu Pdunhw Zrunvkrs iru khosixo frpphqwv1
Wkh ylhzv h{suhvvhg lq wklv sdshu duh wkrvh ri wkh dxwkruv dqg gr qrw qhfhvvdulo| uh hfw wkh ylhzv
ri wkh Ghxwvfkh Exqghvedqn1
|Ghsduwphqw ri Hfrqrplfv/ Xqlyhuvlw| ri Ylhqqd/ Krkhqvwdxihqjdvvh </ 4343 Ylhqqd/ Dxvwuld/
hpdlo= ohr1nddvCxqlylh1df1dw1
}Uhvhdufk Fhqwuh/ Ghxwvfkh Exqghvedqn/ Zlokhop0Hsvwhlq0Vwudvvh 47/ 93764 Iudqnixuw2Pdlq/
Jhupdq|/ h0pdlo= Ohrsrog1yrqWkdgghqCexqghvedqn1gh14 Lqwurgxfwlrq
Wklv sdshu vwduwv rxw iurp wkh zhoo0nqrzq idfw wkdw xqhpsor|phqw g|qdplfv lq
RHFG frxqwulhv kdyh ehhq txlwh glyhuvh ryhu wkh sdvw ihz ghfdghv1 Lq sduwlfxodu/
wkh xqhpsor|phqw uhfrug ri pdq| Hxurshdq frxqwulhv kdv ehhq glvpdo/ dqg wkhuh
lv d odujh olwhudwxuh zklfk dwwhpswv wr h{sodlq wklv ghyhorsphqw dv uhvxowlqj iurp d
frpelqdwlrq ri vwuxfwxudo vkrfnv dqg phfkdqlvpv zklfk pdnh wkh hhfwv ri dq| vxfk
vkliwv pruh shuvlvwhqw1 Wkh prvw surplqhqw phfkdqlvpv ri wklv w|sh dgydqfhg lq
wkh olwhudwxuh duh wkh lqvlghu0rxwvlghu k|srwkhvlv ri Eodqfkdug dqg Vxpphuv +4<;9,/
wkh orvv ri vnloo k|srwkhvlv ri orqjwhup xqhpsor|hg +Slvvdulghv +4<<5,,/ wkh k|0
srwkhvlv ri ghfolqlqj vhdufk lqwhqvlwlhv ri orqjwhup xqhpsor|hg +Od|dug/ Qlfnhoo/
dqg Mdfnpdq +4<<4,,/ dqg wkh k|srwkhvlv ri voxjjlvk fkdqjhv lq oderxu ghpdqg gxh
wr dgmxvwphqw frvwv +Dorjrvnrxv dqg Pdqqlqj +4<;;,,14 Ilqdoo|/ wkhuh lv d odujh
olwhudwxuh zklfk vwuhvvhv wkdw dgyhuvh vwuxfwxudo vkrfnv whqg wr lqgxfh d vorzgrzq
lq fdslwdo dffxpxodwlrq zklfk uhlqirufhv wkh hpsor|phqw orvvhv dqg dggv wr xqhp0
sor|phqw shuvlvwhqfh +Ehdq +4<;<,/ Ehqdvv| +4<<:,/ Exugd +4<;;,/ Fdedoohur dqg
Kdpprxu +4<<;,/ Gdyhul dqg Wdehoolql +5333,,1 Vlploduo|/ wkhvh vwxglhv srlqw rxw
wkdw/ zkhq wkh vkrfn lv ryhu/ wkh uhfryhu| ri hpsor|phqw ghshqgv fulwlfdoo| rq wkh
vshhg zlwk zklfk lqyhvwphqwv lq fdslwdo uhvsrqg wr wkh qhz vlwxdwlrq1
Wkh sxusrvh ri wklv sdshu lv wr uhfrqvlghu wkh fdslwdovkruwdjh k|srwkhvlv e| olqnlqj
lw h{solflwo| wr wkh vwdqfh ri vfdo srolf|1 Wr vhh wkh lpsruwdqfh ri vfdo srolf|
lq wklv frqwh{w/ frqvlghu d jryhuqphqw zklfk idfhv d vwuxfwxudo vkrfn +vxfk dv d
zdjhvhwwlqj vkrfn, dqg ghflghv zkhwkhu lw vkrxog nhhs lwv exgjhw edodqfhg ru
qrw1 Wklv ghflvlrq zloo dhfw wkh ryhudoo vwuxfwxuh ri dvvhwv lq wkh hfrqrp| +l1h1
wkh pl{ ehwzhhq fdslwdo dqg jryhuqphqw erqgv,/ dqg wklv pl{ zloo lq wxuq eh dq
lpsruwdqw ghwhuplqdqw ri wkh vshhg zlwk zklfk wkh hfrqrp| fdq fuhdwh hpsor|phqw
rqfh wkh vkrfn lv ryhu1 Wr ghprqvwudwh wkh lpsruwdqfh ri wklv fkdqqho/ zh suhvhqw
d g|qdplf jhqhudo htxloleulxp prgho lq zklfk lqyroxqwdu| xqhpsor|phqw uhvxowv
iurp zdjh edujdlqlqj dqg ghulyh g|qdplf uhvsrqvh sdwwhuqv wr vwuxfwxudo vkrfnv
xqghu edodqfhg dqg xqedodqfhg exgjhwv1 Pruh vshflfdoo|/ zh vkrz wkdw lq wkh
odwwhu fdvh wkh uhfryhu| lq whupv ri hpsor|phqw lv olnho| wr wdnh orqjhu/ sduwlfxoduo|
zkhq furzglqj rxw hhfwv kdyh ehhq vxevwdqwldo1
Zh wxuq qh{w wr d glvfxvvlrq ri vrph hpslulfdo qglqjv rq wkh uhodwlrqvkls ehwzhhq
jryhuqphqw eruurzlqj dqg xqhpsor|phqw shuvlvwhqfh1 Vxevhtxhqwo|/ zh jlyh d eulhi
rxwolqh ri rxu prgho dqg lwv pdlq uhvxowv1
4Hylghqwo|/ wklv olvw lv qrw h{kdxvwlyh1 Dfhprjox +5333, dujxhv wkdw fuhglw pdunhw lpshuihfwlrqv/
zklfk kh frqvlghuv wr eh uhodwlyho| pruh vhyhuh lq Hxursh/ ohdg wr vorz uhdfwlrqv wr wkh duulydo
ri qhz whfkqrorjlhv/ wkhuhe| srvwsrqlqj wkh fuhdwlrq ri qhz mrev1 Eodqfkdug dqg Zroihuv +5333,
rhu d eurdg iudphzrun zklfk lqyhvwljdwhv wkh lqwhudfwlrq ehwzhhq pdfurhfrqrplf vkrfnv dqg
lqvwlwxwlrqdo ghwdlov ri oderxu pdunhwv1
4Hpslulfdo qglqjv
Zkloh jryhuqphqw exgjhwv iru RHFG frxqwulhv dv d zkroh zhuh rq dyhudjh urxjko|
edodqfhg lq wkh 4<93v/ wklv fkdqjhg lq wkh 4<:3v/ zlwk jryhuqphqw edodqfhv wxuqlqj
vljqlfdqwo| lqwr d ghflw srvlwlrq1 Krzhyhu/ ghvslwh wklv wuhqg iru wkh djjuhjdwh
ri RHFG frxqwulhv/ ghyhorsphqwv lq lqglylgxdo frxqwulhv vkrz pdunhg glhuhqfhv15
Wklv fdq eh vhhq iurp Iljxuh 4 zklfk vkrzv wkdw wkh dyhudjh dqqxdo qhw eruurzlqj
srvlwlrq ri jryhuqphqwv +dv d iudfwlrq ri JGS, fruuhodwhv srvlwlyho| zlwk d frxqwu|0
vshflf phdvxuh ri xqhpsor|phqw shuvlvwhqfh ghulyhg e| Vfdushwwd +4<<9,16 Lq wklv
vwxg|/ Vfdushwwd hvwlpdwhv dgmxvwphqw vshhgv ri oderxu pdunhwv lq 4: pdmru RHFG
frxqwulhv lq d furvvfrxqwu| iudphzrun/ xvlqj dqqxdo gdwd iru wkh shulrg 4<:30<61 Lq
sduwlfxodu/ wkh hvwlpdwlrq vhwxs frqwurov iru vkliwv lq wkh orqjuxq htxloleulxp udwh
ri xqhpsor|phqw gxh wr fkdqjhv lq oderxu pdunhw srolflhv dqg lqvwlwxwlrqdo ihdwxuhv/
l1h1 dgmxvwphqw g|qdplfv ri xqhpsor|phqw duh phdvxuhg uhodwlyh wr wlph0ydu|lqj
htxloleulxp udwhv ri xqhpsor|phqw17 Lqwhuhvwlqjo|/ wkh fruuhodwlrq frh!flhqw lq
Iljxuh 4 ulvhv iurp fe w rdy d o x hr if  Sli rqh h{foxghv wkh irxu qrq0Hxurshdq
frxqwulhv frqvlghuhg e| Vfdushwwd +wkh XV/ Mdsdq/ Dxvwudold/ dqg Fdqdgd,1 Wklv
qglqj srlqwv wr wkh srwhqwldo lpsruwdqfh ri zdjh edujdlqlqj0v|vwhpv zklfk duh
w|slfdo ri Hxurshdq frxqwulhv li rqh dwwhpswv wr h{sodlq wklv fruuhodwlrq1
Jlyhq wkh zhoo0nqrzq gl!fxowlhv ri hvwlpdwlqj vorz dgmxvwphqw g|qdplfv lq qlwh
vdpsohv lq d urexvw zd| +lq sduwlfxodu/ li frpsduhg zlwk wkh dowhuqdwlyh ri d xqlw
urrw lq DUPDvshflfdwlrqv,/ lq Iljxuh 5 zh dovr suhvhqw iru wkh vdph frxqwulhv d
vlpsoh vfdwwhusorw ehwzhhq dyhudjh jryhuqphqw eruurzlqj dqg wkh dyhudjh ohyho ri
wkh xqhpsor|phqw udwh18 Xvlqj wkh xqhpsor|phqw udwh lwvhoi udwkhu wkdq d phdvxuh
5Dffruglqj wr RHFG gdwd/ dyhudjh qhw eruurzlqj ri jhqhudo jryhuqphqw dv d shufhqwdjh ri
JGS iru wkh hqwluh RHFG zdv 315( lq 4<930:6/ 517( lq 4<:70:</ 617( lq 4<;30;</ dqg 714( lq
4<<30<81 Qrwdeoh h{fhswlrqv wr wklv wuhqg duh Ilqodqg dqg Qruzd|/ vkrzlqj vljqlfdqw exgjhw
vxusoxvhv lq wkh 4<:3v dqg 4<;3v1
6Gdwd iru jhqhudo jryhuqphqw qhw eruurzlqj dffruglqj wr RHFG Hfrqrplf Rxworrn dqg/ zkhq0
hyhu xqdydlodeoh/ frpsohphqwhg e| DPHFRgdwdedvh1 Gdwd iru xqhpsor|phqw shuvlvwhqfh= Vfdu0
shwwd +4<<9,/ htxdwlrq 44/ wdeoh 8/ s1 991 Gdwd iurp htxdwlrq 45 ri Vfdushwwd*v vwxg| |lhog vlplodu
uhvxowv1
7Pruh vshflfdoo|/ Vfdushwwd frqvlghuv vwuxfwxudo ghwhuplqdqwv ri htxloleulxp xqhpsor|phqw
vxfk dv xqhpsor|phqw ehqhwv/ hpsor|phqw surwhfwlrq uhjlphv/ xqlrq ghqvlw|/ dqg lqglfhv ri
fhqwudol}dwlrq ri zdjh edujdlqlqj1
8Wkh srvlwlyh fruuhodwlrq suhvhqwhg lq Iljxuh 4 lv frquphg/ iru h{dpsoh/ zkhq zh xvh wkh
shuvlvwhqfh phdvxuh ghulyhg lq Hophvnry dqg PdfIduodq +4<<6, iurp dq DUPD+4/{, vshflfdwlrq1
Vfdushwwd +4<<9, dovr suhvhqwv/ dv dq dowhuqdwlyh wr wkh phdvxuh sorwwhg lq Iljxuh 4/ hvwlpdwhv
iurp dq DU+4, prgho zlwk frqvwdqw dqg guliw/ zklfk jlyhv ohvv vdwlvidfwru| uhvxowv1 Krzhyhu/ wkh
cshuvlvwhqfh udqnlqjv* ri frxqwulhv ehwzhhq wkh DU+4, phdvxuh ri Vfdushwwd dqg wkh rqh uhsruwhg e|
Hophvnry dqg PdfIduodq duh vxusulvlqjo| glhuhqw1 Dffruglqj wr Hophvnry dqg PdfIduodq/ Lwdo|
kdv wkh vhfrqgkljkhvw dqg Ilqodqg wkh wklugorzhvw ghjuhh ri shuvlvwhqfh1 E| frqwudvw/ wkh DU+4,
phdvxuh ri Vfdushwwd jlyhv Ilqodqg wkh kljkhvw dqg Lwdo| wkh wklugorzhvw ghjuhh ri shuvlvwhqfh dqg/



































Iljxuh 4= Jryhuqphqw qhw eruurzlqj yv1 xqhpsor|phqw shuvlvwhqfh
ri lwv shuvlvwhqfh ohdgv/ djdlq/ wr d vljqlfdqw srvlwlyh fruuhodwlrq zlwk wkh vfdo
yduldeoh19 Zkloh pruh ghwdlohg hpslulfdo zrun qhhgv wr eh grqh wr surylgh ixuwkhu
fodulfdwlrq ri wkhvh qglqjv/ sduwlfxoduo| zlwk uhvshfw wr hvwdeolvklqj fdxvdo uhod0
wlrqvklsv/ zh frqvlghu wkhp wr eh vx!flhqwo| vxjjhvwlyh wr wklqn derxw vshflf zd|v
lq zklfk wkh vwdqfh ri vfdo srolf| kdv dq lq xhqfh rq xqhpsor|phqw g|qdplfv1
Rxwolqh ri wkh prgho dqg wkh uhvxowv
Prwlydwhg e| wkhvh hpslulfdo qglqjv/ zh ghyhors d g|qdplf jhqhudo htxloleulxp
prgho lq rughu wr lqyhvwljdwh wkh lqwhudfwlrq ehwzhhq exgjhwdu| srolf|/ fdslwdo iru0
pdwlrq dqg xqhpsor|phqw uhvxowlqj iurp froohfwlyh zdjh edujdlqlqj1 Zh dvvxph d
vwdqgdug qhrfodvvlfdo surgxfwlrq whfkqrorj| zlwk d orz hodvwlflw| ri vxevwlwxwlrq eh0
wzhhq wkh wzr krprjhqrxv lqsxwv oderxu dqg fdslwdo/ lpso|lqj wkdw d orzhu fdslwdo
vwrfn udlvhv htxloleulxp xqhpsor|phqw1 Dv d frqvhtxhqfh ri wklv ihdwxuh/ dgyhuvh
vkrfnv iroorzhg e| ghfolqlqj fdslwdo lqyhvwphqw lqgxfh shuvlvwhqw xqhpsor|phqw
g|qdplfv1
Wkh jryhuqphqw uxqv dq xqhpsor|phqw lqvxudqfh v|vwhp zklfk lv qdqfhg e| d
zdjhlqfrph wd{ ru/ dowhuqdwlyho|/ e| wkh lvvxlqj ri jryhuqphqw erqgv1 Wkh jry0
huqphqw*v fkrlfh ehwzhhq wkhvh wzr lqvwuxphqwv kdv qrqwulyldo frqvhtxhqfhv iru
iru wkh DU+4, vshflfdwlrq djdlq ehfrphv vdwlvidfwru|1 Zh wdnh wklv dv hylghqfh ri wkh sureohpv
wr rewdlq urexvw hvwlpdwhv ri vorz oderxu pdunhw dgmxvwphqwv lq sxuh wlph vhulhv vshflfdwlrqv/ dv
glvfxvvhg/ iru h{dpsoh/ lq Urhg +4<<9, ru Eldqfkl dqg ]rhjd +4<<;,1
9Iljxuh 5 xvhv RHFG gdwd rq vwdqgdugl}hg xqhpsor|phqw udwhv1 Gdwd iru Ghqpdun/ Luhodqg=




































Iljxuh 5= Jryhuqphqw qhw eruurzlqj yv1 xqhpsor|phqw udwh
wzr uhdvrqv= Iluvw/ xqhpsor|phqw ehqhwv duh qrw +shuihfwo|, lqgh{hg wr qhw zdjhv1
Wkxv/ vlploduo| wr Slvvdulghv +4<<;,/ kljkhu zdjh wd{hv ohdg xqghu ghfhqwudol}hg
zdjh edujdlqlqj wr kljkhu jurvv zdjhv/ wkhuhe| uhgxflqj hpsor|phqw lq wkh vkruw
uxq1 Vhfrqg/ rxu g|qdplf iudphzrun lv dq ryhuodsslqj jhqhudwlrqv hfrqrp| zlwk0
rxw ehtxhvw prwlyhv1 Wklv lpsolhv wkdw Ulfdugldq htxlydohqfh grhv qrw krog dqg
e r q g vd u hs h u f h l y h gd vq h wz h d o w k /l 1 h 1 v k l i w vi u r pe r q g vw rk l j k h uw d { h vo h d gw r
pruh lqyhvwphqw lq sk|vlfdo fdslwdo/ wkhuhe| udlvlqj ixwxuh hpsor|phqw1 Wkxv/ wkh
hhfwv ri wkh wzr srolflhv rq hpsor|phqw dqg rxwsxw rshudwh lq rssrvlwh gluhfwlrqv1:
Jlyhq wkhvh fkdudfwhulvwlfv ri wkh prgho/ zh frqvlghu wzr glvwlqfw exgjhwdu| srol0
flhv1 Iluvw/ zh dvvxph wkh jryhuqphqw pdlqwdlqv edodqfhg exgjhwv e| dgmxvwlqj
wkh zdjhlqfrph wd{ udwh dssursuldwho|1 Xqghu vxfk d srolf|/ vwdelolw| ihdwxuhv ri
vwhdg| vwdwhv frlqflgh h{dfwo| zlwk wkrvh ri wkh shuihfwo| frpshwlwlyh ehqfkpdun
prgho zlwk ixoo hpsor|phqw1 Surylghg wkdw wkh xvxdo vwdelolw| frqglwlrq ri wkh
ehqfkpdun hfrqrp| lv vdwlvhg/ d g|qdplfdoo| h!flhqw vwhdg| vwdwh +dw zklfk wkh
lqwhuhvw udwh h{fhhgv wkh jurzwk udwh, lv d vdggoh lq wkh wzrglphqvlrqdo fdslwdo
erqgv g|qdplfv1 D g|qdplfdoo| lqh!flhqw vwhdg| vwdwh +dw zklfk wkh lqwhuhvw udwh
idoov ehorz wkh jurzwk udwh, lv d vlqn1 Lq erwk fdvhv/ dgmxvwphqw g|qdplfv wr wkh
vwhdg| vwdwh duh vwdeoh vlqfh wkh edodqfhg exgjhw srolf| nhhsv wkh hfrqrp| rq wkh
:Wkh dgyhuvh hhfw ri orrvh exgjhwdu| srolf| rq jurzwk lv sduwlfxoduo| surqrxqfhg lq wkh forvhg
hfrqrp| iudphzrun ri rxu sdshu1 Krzhyhu/ wkh hhfw zrxog dovr rshudwh lq d vpdoo rshq hfrqrp|
li fdslwdo lv lpshuihfwo| preloh ru li fdslwdo pdunhwv uhtxluh d ulvn suhplxp rq h{whuqdo ghew +vhh
ydq ghu Sorhj +4<<9,,1
7vwdeoh vdggoh sdwk1 Vhfrqg/ zh frqvlghu d srolf| ri xqedodqfhg exgjhwv xqghu zklfk
wkh jryhuqphqw nhhsv wkh wd{ udwh {hg dqg uhdfwv wr vkrfnv e| uxqqlqj ghflwv ru
vxusoxvhv1 Vwdelolw| ihdwxuhv ri vwhdg| vwdwhv duh dowhuhg ghflvlyho|1 D g|qdplfdoo|
h!flhqw vwhdg| vwdwh lv djdlq d vdggoh/ exw wxuqv rxw wr eh xqvwdeoh lq wkh dgmxvwphqw
g|qdplfv1 Zkhq wkh jryhuqphqw uxqv d ghflw lq uhvsrqvh wr dq dgyhuvh vkrfn/ wkh
hfrqrp| zrxog glyhujh rq d sdwk zlwk h{sorvlyh ghew dffxpxodwlrq dqg ghfolqlqj
fdslwdo vwrfn/ xqohvv fruuhfwlyh vfdo phdvxuhv duh lpsohphqwhg lq wkh ixwxuh1 Ixu0
wkhupruh/ d g|qdplfdoo| lqh!flhqw vwhdg| vwdwh fdq eh xqvwdeoh dv zhoo/ surylghg
wkdw wkh lqwhuhvw udwh h{fhhgv d orzhu wkuhvkrog ydoxh1 Exw hyhq li d g|qdplfdoo|
lqh!flhqw vwhdg| vwdwh lv vwdeoh/ dgmxvwphqw g|qdplfv wxuq rxw wr eh pruh shuvlvwhqw
xqghu wkh xqedodqfhgexgjhw srolf|1
Wr uhodwh wkhvh uhvxowv txdolwdwlyho| wr wkh hpslulfdo qglqjv/ zh lqyhvwljdwh krz whp0
srudu| zdjh suhvvxuh +dv dq lpsruwdqw vw|ol}hg ihdwxuh ri prvw RHFG frxqwulhv lq
wkh 4<:3*v dqg hduo| 4<;3*v, dhfwv xqhpsor|phqw g|qdplfv xqghu wkh wzr uhjlphv
ri edodqfhg dqg xqedodqfhg exgjhwv1 Rq lpsdfw/ vxfk d vkrfn ohdgv wr kljkhu xq0
hpsor|phqw xqghu erwk uhjlphv/ exw wkh dxwrpdwlf vwdelol}huv ri wkh xqedodqfhg
exgjhw srolf| whqg wr plwljdwh wkh dgyhuvh hpsor|phqw hhfwv1 Krzhyhu/ wkh ghflw
vshqglqj ohdgv lq wklv fdvh wr d vkdushu ghfolqh lq fdslwdo/ lqgxflqj d vorzhu uhfryhu|
ri hpsor|phqw lq wkh diwhupdwk ri wkh vkrfn1 Li wkh lqwhuhvw udwh lv orz hqrxjk/ g|0
qdplfv duh vwdeoh/ dqg wkh jryhuqphqw ghflw zloo eh vhoifruuhfwlqj zkhq wkh vkrfn
lv ryhu/ exw xqhpsor|phqw g|qdplfv whqg wr eh pruh shuvlvwhqw wkdq xqghu edodqfhg
exgjhwv1 Wkxv/ d vfhqdulr ri wklv w|sh |lhogv suhglfwlrqv zklfk duh txdolwdwlyho| lq
olqh zlwk wkh hylghqfh uhsruwhg lq Iljxuh 41 E| frqwudvw/ li wkh lqwhuhvw udwh h{fhhgv
d fhuwdlq wkuhvkrog ydoxh/ ghew g|qdplfv duh xqvwdeoh/ dqg frqvrolgdwlrq phdvxuhv
duh qhhghg dw vrph srlqw lq wkh ixwxuh wr uhvwruh vxvwdlqdelolw|1 Vxfk frqwudfwlyh
vfdo dgmxvwphqwv wkhq ohdg wr d whpsrudu| ulvh lq xqhpsor|phqw1 Hylghqwo|/ wkh
wlplqj ri wkhvh frqvrolgdwlrq hruwv zloo ghwhuplqh wkh h{dfw vkdsh ri wkh xqhp0
sor|phqw sdwk1 Lq dq| fdvh/ zh vkrz wkdw frpelqdwlrqv ri orrvh vfdo srolflhv wrgd|
dqg +vwurqj, frqvrolgdwlrqv lq wkh ixwxuh pd| hdvlo| jhqhudwh sdwkv ri xqhpsor|0
phqw udwhv zklfk duh/ rq dyhudjh/ kljkhu wkdq xqghu d edodqfhgexgjhw uxoh1 Ilvfdo
h{shulphqwv ri wklv w|sh pd| h{sodlq/ dw ohdvw wr d fhuwdlq h{whqw/ wkh fruuhodwlrq
uhsruwhg lq Iljxuh 51 Krzhyhu/ ehdulqj lq plqg wkh jhqhudo sureohpv ri lqwhusuhwlqj
elyduldwh fruuhodwlrqv ehwzhhq pdfurhfrqrplf yduldeohv dv uhsruwhg lq rxu jxuhv/
wkhvh h{sodqdwlrqv vkrxog qrw eh vhhq dv h{foxvlyh exw udwkhu dv frpsohphqwdu| wr
wkrvh glvfxvvhg lq wkh rshqlqj sdudjudsk1
Wkh uhpdlqghu ri wkh sdshu lv vwuxfwxuhg dv iroorzv1 Vhfwlrq 2 lqwurgxfhv wkh prgho
dqg ghulyhv wkh oderxu pdunhw htxloleulxp1 Vhfwlrqv  dqg e dqdo|}h wkh htxloleulxp
g|qdplfv xqghu edodqfhg dqg xqedodqfhg exgjhwv/ uhvshfwlyho|1 Vhfwlrq D vkrzv iru
erwk srolflhv wkh uhvsrqvh sdwwhuq wr d whpsrudu| zdjhvhwwlqj vkrfn1 Lq d g|qdpl0
fdoo| lqh!flhqw hfrqrp|/ wkhuh h{lvwv dovr d jroghquxoh vwhdg| vwdwh zlwk srvlwlyho|
ydoxhg jryhuqphqw erqgv/ lq dgglwlrq wr wkh vwhdg| vwdwhv zlwk }hur jryhuqphqw
8ghew1 Vxfk vwhdg| vwdwhv duh eulh | frqvlghuhg lq Vhfwlrq S1 Lq Vhfwlrq . zh glvfxvv
rxu uhvxowv lq uhodwlrq wr wkh olwhudwxuh/ dqg Vhfwlrq H rhuv frqfoxvlrqv1 Surriv qrw
lqfoxghg lq wkh wh{w duh frqwdlqhg lq wkh Dsshqgl{1
5W k h p r g h o
Frqvlghu dq ryhuodsslqj jhqhudwlrqv hfrqrp| zklfk frpsulvhv d frqwlqxxp dfcori
frqvxphuv olylqj iru wzr shulrgv dqg d frqwlqxxp dfco ri upv1 Frqvxphuv vxsso|
oderxu zkhq wkh| duh |rxqj dqg frqvxph lq erwk olihwlph shulrgv1 Ilupv surgxfh
d frpsrvlwh frqvxpswlrq2lqyhvwphqw jrrg iurp lqsxwv ri fdslwdo dqg oderxu1 Wkh
jryhuqphqw sd|v xqhpsor|phqw ehqhwv zklfk duh qdqfhg e| d zdjhlqfrph wd{
dqg e| wkh hplvvlrq ri rqhshulrg erqgv1 Pdunhwv iru fdslwdo dqg jrrgv duh shu0
ihfwo| frpshwlwlyh/ exw zdjhv duh wkh rxwfrph ri d edujdlq dw wkh vhfwru ohyho1 Wkh
hfrqrp| frqvlvwv ri d odujh qxpehu  ri v|pphwulf vhfwruv/ lq hdfk ri zklfk d vlqjoh
wudgh xqlrq +uhsuhvhqwlqj d pdvv * ri |rxqj frqvxphuv, dqg d vlqjoh hpsor|huv*
ihghudwlrq +uhsuhvhqwlqj d pdvv * ri upv, edujdlq ryhu wkh zdjh1 Diwhu zdjhv
duh qhjrwldwhg/ hpsor|phqw lv ghflghg dw wkh ohyho ri wkh up +uljkwwrpdqdjh
prgho,1 Wkhuh lv dovr vrph wxuqryhu ri zrunhuv ehwzhhq vhfwruv/ vlploduo| wr Od0
|dug/ Qlfnhoo/ dqg Mdfnpdq +4<<4/ Fkdswhu 5,1 Wklv lpsolhv wkdw zdjhv sdlg lq
rwkhu vhfwruv dqg wkh djjuhjdwh xqhpsor|phqw udwh pdwwhu iru zdjh irupdwlrq lq
hdfk vhfwru1 Dv d frqvhtxhqfh/ wkhuh lv srvlwlyh xqhpsor|phqw lq dq| htxloleulxp1
Lq ghwdlo/ wkh hfrqrp| lv ghvfulehg dv iroorzv1
Frqvxphuv dqg wudgh xqlrqv
Hdfk frqvxphu eruq dw gdwh | vxssolhv rqh xqlw ri lqglylvleoh oderxu zkhq |rxqj
dqg zlvkhv wr frqvxph lq shulrgv | dqg | n 1 Frqvxphuv vdyh sduw ri wkhlu oderxu
lqfrph iru uhwluhphqw e| kroglqj fdslwdo vkduhv ru jryhuqphqw erqgv zklfk sd|
d jurvv uhdo udwh ri uhwxuq -|n￿1 Dq hpsor|hg shuvrq uhfhlyhv d +uhdo, qhw zdjh
|E  | zkhuhdv dq xqhpsor|hg shuvrq uhfhlyhv wkh +uhdo, xqhpsor|phqw ehqhw
@1 Zrunhuv duh udqgrpo| doorfdwhg wr mrev1 Wkhlu yrq QhxpdqqPrujhqvwhuq xwlolw|
ixqfwlrq ES|cS |n￿ lv dvvxphg wr eh olqhduo| krprjhqrxv/ vwulfwo| txdvlfrqfdyh
dqg glhuhqwldeoh1 Wkxv/ hdfk |rxqj frqvxphu*v vdylqjv ehkdylrxu lv ghvfulehg
e| d vdylqjv ixqfwlrq rE-|n￿U| zkhuh U| 5i  |E  |c@jghqrwhv wkh uvwshulrg
lqfrph/ dqg wkh frqvxphu*v lqgluhfw xwlolw| lv E-|n￿U| zkhuh E-|n￿  E 
rE-|n￿crE- |n￿-|n￿1Z h d v v x p h r ￿ f / l1h1 vdylqjv duh qrqghfuhdvlqj lq wkh
lqwhuhvw udwh1
Zh dvvxph wkdw doo |rxqj frqvxphuv duh xqlrq phpehuv1 Khqfh/ hdfk wudgh xqlrq
uhsuhvhqwv d pdvv * ri |rxqj frqvxphuv1 Krzhyhu/ qrw doo zrunhuv duh hyhq0
wxdoo| hpsor|hg lq wkhlu krph vhfwru/ exw wkhuh lv vrph wxuqryhu ri zrunhuv eh0
wzhhq vhfwruv1 D iudfwlrq f 	Z	ri wkh lqlwldoo| fuhdwhg zrun uhodwlrqvklsv
9wxuqv rxw wr eh xqsurgxfwlyh/ dqg wkhvh uhodwlrqvklsv duh vhsdudwhg lpphgldwho|1
Wkh uhvxowlqj ydfdqflhv duh wkhq oohg zlwk +xqhpsor|hg, shuvrqv iurp rwkhu vhf0
wruv1 Wkxv/ li |  * mrev duh fuhdwhg lq vrph vhfwru/ rqo| E  Z| xqlrq
phpehuv uhfhlyh wkh qhjrwldwhg vhfwru qhw zdjh |E  |/d q g*  E  Z|
phpehuv duh hlwkhu hpsor|hg lq dqrwkhu vhfwru ru xqhpsor|hg1 Wkhlu h{shfwhg
lqfrph/ ghqrwhg W
|/ zloo eh ghwhuplqhg lq htxloleulxp ehorz1 Wkh wudgh xqlrq*v
remhfwlyh lv wr pd{lpl}h wkh h{shfwhg xwlolw| ri d uhsuhvhqwdwlyh phpehu zklfk lv
T|  E-|n￿E |E  |E  Z| n W
|E* E  Z|*1 Vlqfh wkh qxpehu
ri vhfwruv lv odujh/ wudgh xqlrqv ljqruh wkhlu lpsdfw rq wkh djjuhjdwh xqhpsor|phqw
udwh +dqg wkxv rq W
|, dqg rq djjuhjdwh lqyhvwphqw +dqg wkxv rq qh{w shulrg*v fds0
lwdo uhwxuq-|n￿,1; Zkhq qhjrwldwlrqv euhdn grzq/ wkh xqlrq*v idooedfn sd|r lv
T |  E-|n￿W
|1 Wkhuhiruh/ wkh xqlrq vxusoxv ri d vxffhvvixo qhjrwldwlrq lv
T|  T | ' E-|n￿E  ZE|E  |  
W
||* +4,
Ilupv dqg hpsor|huv* ihghudwlrqv
Ilupv surgxfh wkh rxwsxw jrrg iurp fdslwdo dqg oderxu xvlqj wkh frqvwdqw uhwxuqv
surgxfwlrq whfkqrorj| t| ' 8Eg|cu |'u | s E & | zkhuh &| ' g|*u| lv wkh fdslwdo
lqwhqvlw|1< Wkh lqwhqvlyhirup surgxfwlrq ixqfwlrq s lv dvvxphg wr eh lqfuhdvlqj
dqg vwulfwo| frqfdyh1 Fdslwdo lqyhvwphqw lv ghflghg d shulrg lq dgydqfh dqg wkxv
ehiruh zdjhv duh qhjrwldwhg1 Krzhyhu/ vlqfh wkh lqyhvwphqw ghflvlrq ri dq| vlqjoh
up kdv d qhjoljleoh hhfw rq djjuhjdwh oderxu ghpdqg lq lwv vhfwru/ upv ljqruh wkh
lpsdfw ri wkhlu lqyhvwphqw ghflvlrq rq wkh rxwfrph ri zdjh qhjrwldwlrqv143 Wkxv
upv wdnh wkh +shuihfwo| iruhvhhq, zdjh dqg wkh lqwhuhvw udwh dv jlyhq/ dqg vr zh
rewdlq wkh xvxdo pdujlqdolw| frqglwlrqv
| ' E&|  sE&|  &|s
￿E&|c
-| ' -E&|    B n s
￿E&| c
zkhuh B lv wkh ghsuhfldwlrq udwh1
Ilupv lq hdfk vhfwru duh uhsuhvhqwhg e| dq hpsor|huv* ihghudwlrq1 Wkh ihghudwlrq*v
remhfwlyh lv wkh surw ri hdfk ri lwv phpehuv/
|  8Eg|cu | |u | 'E sE g |* E |  || c +5,
;Lq sduwlfxodu/ frpsduhg zlwk fhqwudol}hg edujdlqlqj wklv dvvxpswlrq whqgv wr lqfuhdvh wkh
htxloleulxp xqhpsor|phqw udwh +vhh/ iru h{dpsoh/ Fdopiruv dqg Guloo +4<;;,,1
<Vlqfh wkhuh lv d pdvv 4 ri lghqwlfdo upv/ Nw dqg Ow ghqrwh wkh fdslwdo vwrfn dqg hpsor|phqw
erwk dw wkh djjuhjdwh ohyho dqg dw wkh up ohyho1
43Wkxv/ vlqfh hpsor|huv* ihghudwlrqv uhsuhvhqw d odujh qxpehu ri upv/ zh fdq devwudfw iurp wkh
w|slfdo krogxs sureohp ri upvshflf edujdlqlqj dv glvfxvvhg/ iru lqvwdqfh/ e| Frorpd +4<<<,
dqg Ghyhuhx{ dqg Orfnzrrg +4<<4,1
:xvlqj u| ' |1 Wkh idooedfn sd|r ri wkh hpsor|huv* ihghudwlrq lv | 'f 1
Wkh zdjh edujdlq
Jlyhq wkh fdslwdo vwrfn lq hdfk vhfwru g|*/ wkh wudgh xqlrq dqg wkh hpsor|huv*
ihghudwlrq qhjrwldwh wkh vhfwru zdjh wdnlqj lqwr dffrxqw wkdw hpsor|phqw lv fkr0
vhq e| upv1 Vhfwru hpsor|phqw | ' u|* dqg wkh vhfwru zdjh duh uhodwhg e|
wkh oderxu ghpdqg vfkhgxoh | ' Eg|*E|1 Wkh rxwfrph ri wklv edujdlq lv
ghwhuplqhg e| wkh Qdvk edujdlqlqj vroxwlrq zklfk pd{lpl}hv wkh Qdvk surgxfw
E|  |qET|  T |￿3q 1 q 5 dfco ghqrwhv wkh edujdlqlqj srzhu ri wkh hpsor|huv*
ihghudwlrq1 Lqvwhdg ri pd{lpl}lqj ryhu zdjh dqg hpsor|phqw/ zh xvh wkh lghqwlwlhv
| ' E&| dqg &| ' g|*E| wr uhirupxodwh wkh Qdvk surjudp lq whupv ri wkh












Wkh Qdvk surgxfw lv }hur dw &W vxfk wkdw E&WE  |' W
| dqg lw lv }hur dw
& ' 4 vlqfh E&*&whqgv wr }hur dv & $4 1 Khqfh d pd{lpxp qhfhvvdulo| h{lvwv1
Zh dvvxph wkdw wkh Qdvk surgxfw lv vwulfwo| txdvlfrqfdyh +zklfk lv wkh fdvh/ iru
h{dpsoh/ zkhq wkh surgxfwlrq ixqfwlrq kdv frqvwdqw hodvwlflw| ri vxevwlwxwlrq, vr
wkdw dq lqwhulru +ru xqhpsor|phqw, vroxwlrq ri wkh Qdvk surjudp lv fkdudfwhul}hg
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Ehorz lw zloo eh vkrzq wkdw wkhuh fdq rqo| eh dq xqhpsor|phqw rxwfrph lq d
v|pphwulf htxloleulxp1 Wkxv lw lv vx!flhqw wr frqvlghu dq lqwhulru vroxwlrq1
Wkh jryhuqphqw
Wkh jryhuqphqw sd|v d {hg xqhpsor|phqw ehqhw @ wr hdfk xqhpsor|hg shuvrq
dqg ohylhv d sursruwlrqdo zdjhlqfrph wd{ dw udwh |144 Iru wkh vdnh ri vlpsolflw|/
zh devwudfw iurp rwkhu frpsrqhqwv ri jryhuqphqw vshqglqj/ dv zhoo dv iurp rwkhu
wd{ lqvwuxphqwv +vhh Vhfwlrq : iru d glvfxvvlrq,1 Wkh shu fdslwd ghflw _| ' @E 
u|*  ||u|* lv qdqfhg e| lvvxlqj erqgv1 Ohw K| ghqrwh wkh uhdo ydoxh ri wkh
+shu fdslwd, vwrfn ri jryhuqphqw erqgv pdwxulqj dw gdwh |1 Wkh jryhuqphqw idfhv
d  rz exgjhw frqvwudlqw jlyhq e|
K|n￿ ' -|K| n _| /
44Lw pd| eh dvvxphg dowhuqdwlyho| wkdw wkh jryhuqphqw {hv wkh uhsodfhphqw udwlr d@+z+4,,
udwkhu wkdq wkh ohyho ri ehqhwv1 Lq wklv fdvh/ krzhyhu/ wkh vkruwuxq htxloleulxp xqhpsor|phqw
udwh lv lqghshqghqw ri wkh wd{ udwh +vhh Slvvdulghv +4<<;,,1
;dvvxplqj wkdw lq d shuihfw fdslwdo pdunhw wkh uhwxuq udwhv rq jryhuqphqw erqgv dqg
rq fdslwdo vkduhv frlqflgh1 Zh gr qrw lpsrvh dq lqwhuwhpsrudo exgjhw frqvwudlqw
e| uhtxlulqj wkdw dq| ghew pxvw eh uhsdlg e| ixwxuh vxusoxvhv1 Qrwh/ krzhyhu/ wkdw
vxfk d frqvwudlqw zrxog eh vdwlvhg dw dq| vwhdg| vwdwh zlwk }hur ghew dqg }hur
ghflw wr eh frqvlghuhg ehorz/ zkhuhdv lw lv qrw vdwlvhg dw wkh jroghquxoh vwhdg|
vwdwh ri Vhfwlrq 91
Zh frqvlghu wzr w|shv ri srolflhv=
+EE, Edodqfhg exgjhwv= wkh jryhuqphqw dgmxvwv wkh wd{ udwh lq hdfk shulrg vxfk dv
wr edodqfh rxw ehqhw h{shqglwxuhv dqg wd{ uhyhqxhv/ l1h1 _| 'firu doo |1
+XE, Xqedodqfhg exgjhwv= wkh jryhuqphqw {hv wkh wd{ udwh dqg uxqv exgjhw vxu0
soxvhv ru exgjhw ghflwv1 Li jryhuqphqw ghew ehfrphv xqvxvwdlqdeoh lq wkh orqj uxq
gxh wr shupdqhqw exgjhw ghflwv/ wd{ udwhv duh dgmxvwhg lq d glvfuhwlrqdu| pdqqhu1
Wkh htxloleulxp
  E  Zu| shuvrqv gr qrw qg hpsor|phqw lq wkhlu krph vhfwru1 Zlwk vrph
suredelolw| )| hdfk ri wkhp qgv d mre lq vrph rwkhu vhfwru1 Jlyhq wkdw wkhuh duh
Zu| ydfdqflhv ohiw/ wklv suredelolw| lv
)| '
Zu|
 E  Zu|
'
ZE  |
ZE  |n |
c +7,
zkhuh | 'u |* ghqrwhv wkh xqhpsor|phqw udwh1 Wkxv wkh h{shfwhg lqfrph ri
d shuvrq zkr lv qrw hpsor|hg lq klv krph vhfwru lv

W
| ' )||E  |nE ) | @1 +8,
Qrwh wkdw wkh xqhpsor|phqw udwh lv srvlwlyh lq htxloleulxp1 Li | 'f / doo shu0
vrqv duh hpsor|hg zlwk suredelolw| rqh/ )| ' / dqg wkhuhiruh wkh xqlrq*v idooedfn
zdjh frlqflghv zlwk wkh qhw zdjh ri wkh rwkhu vhfwruv1 Vlqfh dq| rxwfrph ri wkh
zdjh edujdlq pxvw sd| vrph pdunxs ryhu wkh idooedfn zdjh zkhqhyhu xqlrqv kdyh
edujdlqlqj srzhu +q	 ,/ vxfk d zdjh fdqqrw eh vhw lq htxloleulxp1 Wkxv/ vrph
xqhpsor|phqw lv uhtxluhg wr uhvwudlq wkh zdjh ghpdqgv ri xqlrqv1
Lqvhuwlqj +7, lqwr +8, vkrzv wkdw wkh idooedfn zdjh lv ghfuhdvlqj lq wkh xqhpsor|phqw
udwh vlqfh kljkhu xqhpsor|phqw pdnhv lw pruh gl!fxow iru dq xqhpsor|hg shuvrq
wr qg d mre lq dqrwkhu vhfwru1 Frpelqlqj wklv zlwk wkh edujdlqlqj vroxwlrq +6, dqg
vroylqj iru wkh xqhpsor|phqw udwh |lhogv
| ' E&|c |
Z>E&|c |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>E&c 	  iru doo   pd{ +D4,
pd{ lv vrph xsshu erxqg rq wkh wd{ udwh wkdw lv lpsrvhg zkhqhyhu E& lv erxqghg
deryh lq rughu wr jxdudqwhh wkdw > +dqg , lv srvlwlyh iru vx!flhqwo| odujh &1 Wkh
dvvxpswlrq lpsolhv wkdw > dqg  duh ghfuhdvlqj lq & dqg frqyhujh wr vrph qrq0
qhjdwlyh frqvwdqw ohvv wkdq xqlw| li & $4 1 Dv zloo eh vkrzq ehorz/ wklv dvvxpswlrq
lpsolhv wkdw d kljkhu fdslwdo vwrfn orzhuv xqhpsor|phqw1
Dvvxpswlrq +D4, lv ixooohg/ iru lqvwdqfh/ li wkh surgxfwlrq ixqfwlrq kdv frqvwdqw
hodvwlflw| ri vxevwlwxwlrq j   dqg li pd{ lv vxfk wkdw *4&<" E& :@ * Epd{1
Lq sduwlfxodu/ li j	+fdslwdo dqg oderxu duh frpsohphqwv, > dqg  frqyhujh wr
}hur zkhq & $4 /d q gl ij'+FreeGrxjodv, > dqg  frqyhujh wr d srvlwlyh
frqvwdqw ohvv wkdq xqlw|145 Wr vhh zk|  ghfuhdvhv lq &/ qrwh wkdw wkhuh duh wzr
hhfwv rshudwlqj1 Iluvw/ li fdslwdo dqg oderxu duh frpsohphqwdu| lqsxwv/ d kljkhu
fdslwdo vwrfn errvwv hpsor|phqw1 Vhfrqg/ d kljkhu fdslwdo vwrfn vkliwv oderxu gh0
pdqg rxwzdugv zklfk ohdgv wr kljkhu htxloleulxp hpsor|phqw vlqfh ehqhwv duh qrw
lqgh{hg wr zdjhv1 Qrwh wkdw li wkh surgxfwlrq ixqfwlrq kdv frqvwdqw hodvwlflw| ri
vxevwlwxwlrq j: / dvvxpswlrq +D4, lv qrw vdwlvhg vlqfh wkhq >￿
￿ : f1 Krzhyhu/ dv
uhsruwhg lq Urzwkruq +4<<<,/ prvw hpslulfdo vwxglhv duh lq idyrxu ri hodvwlflwlhv ri
vxevwlwxwlrq ehorz xqlw|146
Iru frqyhqlhqfh/ zh lqwurgxfh wkh iroorzlqj qrwdwlrq iru wkh sxeolf ghflw=
_E&c  @E&cE&E  E&c 1
6 Edodqfhg exgjhwv
Zh frqvlghu uvw wkh fdvh lq zklfk wkh jryhuqphqw dgmxvwv wd{ udwhv lq hdfk shulrg
lq rughu wr edodqfh lwv exgjhw/ l1h1 zh vxssrvh wkdw _E&|c |'flq hyhu| shulrg1
Wkhuh duh wzr hhfwv ri d wd{ ulvh rq wkh sxeolf ghflw= dw d jlyhq hpsor|phqw ohyho
kljkhu wd{hv uhgxfh wkh ghflw/ exw d kljkhu wd{ udwh dovr ghsuhvvhv hpsor|phqw
45Lq idfw/ li  @4 > 4 + n ,lv d srvlwlyh frqvwdqw ohvv wkdq xqlw|/ zkhuhdv 5+n>, lv ghfuhdvlqj
dqg whqgv wr xqlw| zkhq n $4 1W k x v  dqg x frqyhujh wr srvlwlyh frqvwdqwv ohvv wkdq xqlw|1
Li ?4 / 4 + n ,lv ghfuhdvlqj dqg whqgv wr }hur/ zkhuhdv 5+n>, lv ghfuhdvlqj dqg/ dvvxplqj
olpn$4 z+n, Ad @ +4  pd{,/ frqyhujhv wr d srvlwlyh frqvwdqw zkhq n $4 1W k x v  dqg x
frqyhujh wr }hur1
46Krzhyhu/ Fdedoohur dqg Kdpprxu +4<<;, srlqw rxw wkh srvvlelolw| ri ydoxhv ri  h{fhhglqj
xqlw| iru xqfrpplwwhg fdslwdo/ vwuhvvlqj wkh lpsruwdqfh ri glvwlqjxlvklqj ehwzhhq kljk h{dqwh
dqg orz h{srvw ydoxhv ri wkh hodvwlflw| lq ylqwdjh prghov1 Iru d glvfxvvlrq ri wkh uroh ri wkh
hodvwlflw| ri vxevwlwxwlrq lq d uhodwhg prgho/ vhh Nddv dqg yrq Wkdgghq +5334,1
43zklfk orzhuv uhyhqxhv/ lqfuhdvhv ehqhw rxwod|v dqg wkh ghflw1 Lw wxuqv rxw wkdw
wkh ghflw lq idfw ehkdyhv olnh dq lqyhuwhg Odhu fxuyh= iru orz wd{ udwhv wkh uvw
hhfw grplqdwhv dqg wkh ghflw idoov zlwk kljkhu wd{ udwhv/ zkhuhdv wkh qhjdwlyh
hhfw grplqdwhv dw kljkhu wd{ udwhv1 Lq sduwlfxodu/ wkh iroorzlqj ohppd vkrzv wkdw
wkhuh duh wzr wd{ udwhv edodqflqj wkh exgjhw/ surylghg wkdw xqhpsor|phqw ehqhwv
duh qrw wrr odujh/ l1h1 vpdoohu wkdq vrph xsshu erxqg @1
Ohppd Ohw &  & dqg @  @ zkhuh & vdwlvhv E&cf 	  dqg zkhuh @ lv vx!flhqwo|
vpdoo1 Dw vx!flhqwo| orz dqg dw vx!flhqwo| kljk wd{ udwhv wkh ghflw lv srvlwlyh1
Wkhuh duh h{dfwo| wzr srvlwlyh wd{ udwhv f 	 ￿E & 	 2 E & 	@*E& vxfk wkdw
_E&c￿E& ' f/  ' c2 1 Pruhryhu/ ￿
￿E& 	 f1
Surri= Dsshqgl{1
Lw lv qdwxudo wr dvvxph wkdw wkh jryhuqphqw fkrrvhv wkh vpdoohu wd{ udwh wr edodqfh lwv
exgjhw1 Dw wkh odujhu wd{ udwh/ xqhpsor|phqw lv kljkhu dqg erwk wkh xqhpsor|phqw
udwh dqg wkh ghflw frxog eh uhgxfhg e| orzhulqj wkh wd{ udwh1 Vxfk d wd{ udwh lv
wkhuhiruh qrw d olnho| rxwfrph ri d srolwlfdo ghflvlrq surfhvv1 Ghqrwh e| ￿E& 
E&c￿E&c&& cwkh xqhpsor|phqw udwh dw edodqfhg exgjhwv1 Vlqfh E&c lv
ghfuhdvlqj lq & +iurp +D4,, dqg lqfuhdvlqj lq  dqg ehfdxvh ri wkh ohppd/ zh kdyh
￿
￿ 	 f Iurp wkh lghqwlw| & ' g*EE  zh rewdlq wkh iroorzlqj htxdwlrq






Htxdwlrq +9, ghwhuplqhv d xqltxh vkruwuxq htxloleulxp fdslwdo lqwhqvlw| &| iru dq|
ohyho ri wkh fdslwdo vwrfn g|1 Lq idfw/ wkh ohiw kdqg vlgh lv zhoo ghqhg iru doo &  &/
lv ghfuhdvlqj dqg frqyhujhv wr d qrqqhjdwlyh frqvwdqw ohvv wkdq xqlw| iru & $4 /
zkhuhdv wkh uljkw kdqg vlgh lv lqfuhdvlqj lq & dqg frqyhujhv wr xqlw| iru & $4 1
Wkh wzr htxloleulxp fxuyhv duh looxvwudwhg lq Iljxuh 61 Li wkh fdslwdo vwrfn idoov ru
li wkh oderxu vxsso| lqfuhdvhv/ wkh UKV vkliwv xs/ xqhpsor|phqw lqfuhdvhv/ dqg wkh
fdslwdo lqwhqvlw| dqg wkh zdjh udwh idoo1 Rq wkh rwkhu kdqg/ d zdjh sxvk lqgxfhg e|
vwurqjhu xqlrq srzhu lq zdjh qhjrwldwlrqv +d orzhu q, ru e| pruh jhqhurxv ehqhw
vshqglqj +d kljkhu @, vkliwv xs wkh OKV/ udlvhv wkh xqhpsor|phqw udwh/ wkh fdslwdo
lqwhqvlw| dqg wkh zdjh udwh1
Zh wxuq qrz wr wkh g|qdplfv ri wkh fdslwdo vwrfn dqg wr wkh dqdo|vlv ri orqjuxq
htxloleuld1 Vlqfh wkh exgjhw lv edodqfhg e| dvvxpswlrq/ wkh djjuhjdwh lqfrph ri wkh
|rxqj jhqhudwlrq lq shulrg | lv
|E  u| n @E  u|' |u |1 +:,








Iljxuh 6= Vkruw0uxq htxloleulxp
erqgv1 Wkxv fdslwdo pdunhw htxloleulxp lpsolhv
g|n￿ n K|n￿ ' rE-|n￿|u| 1
Xvlqj +9, dqg wkh ghqlwlrqv ri - dqg / wklv fdq eh zulwwhq lq shu fdslwd whupv dv
&|n￿E  ￿E&|n￿ n K|n￿ ' rE-E&|n￿E&|E  ￿E&| 1 +;,
Wkh jryhuqphqw exgjhw frqvwudlqw +lq shu fdslwd whupv, lv
K|n￿ ' -E&|K| 1 +<,
Htxdwlrqv +;, dqg +<, ghqh dq lpsolflw wzrglphqvlrqdo g|qdplfdo v|vwhp lq
E&|cK |/ vlplodu wr wkh shuihfwo| frpshwlwlyh Gldprqg prgho zlwk jryhuqphqw erqgv
zklfk rewdlqv li zh vhw ￿  f1 Lw lv hdv| wr vhh wkdw vwhdg| vwdwhv E&cK duh qdwx0
udoo| uhodwhg wr vwhdg| vwdwhv ri wkh frpshwlwlyh prgho dqg wkdw vwdwlrqdu| fdslwdo
lqwhqvlwlhv duh wkh vdph xqghu xqhpsor|phqw dv xqghu ixoo hpsor|phqw147 Dv d
uhvxow/ vwdwlrqdu| lqwhuhvw udwhv dqg +jurvv, zdjhv gr qrw ghshqg rq oderxu pdunhw
frqglwlrqv dqg duh wkh vdph dv xqghu shuihfw frpshwlwlrq1 Iluvw/ wkhuh duh vwhdg|
vwdwhv zlwk }hur jryhuqphqw erqgv=
& ' rE-E&E& dqg K 'f1 +43,
Vhfrqg/ wkhuh lv d jroghquxoh vwhdg| vwdwh lq zklfk
-E&'dqg K 'E r E - E & E&  &E  ￿E& 1 +44,
47Wklv uhvxow ghshqgv rq rxu dvvxpswlrq ri krprwkhwlf xwlolw|/ lpso|lqj wkdw vdylqjv duh d olqhdu
ixqfwlrq ri lqfrph1
45Iru wklv dqg wkh iroorzlqj wzr vhfwlrqv zh uhvwulfw rxu dqdo|vlv wr wkh uvw w|sh ri
vwhdg| vwdwhv lq zklfk wkh vwrfn ri jryhuqphqw erqgv lv }hur1 Jroghquxoh vwhdg|
vwdwhv duh glvfxvvhg lq Vhfwlrq 91 Lw fdq eh hdvlo| yhulhg wkdw wkh hljhqydoxhv ri wkh
Mdfreldq ri wkh g|qdplfdo v|vwhp +;, dqg +<, hydoxdwhg dw d vwhdg| vwdwh +43, duh
b￿ ' -E& / b2 '
E  ￿E&#￿E&  ￿E&#￿￿E&
E  ￿E&E  #rE-E&#-E&  ￿E&#￿￿E&
/ +45,
zkhuh #￿E%  ￿E%%*E% ghqrwhv wkh hodvwlflw| ri vrph ixqfwlrq  dw %1 b2 lv dovr
wkh hljhqydoxh ri wkh rqhglphqvlrqdo prgho zlwk }hur jryhuqphqw erqgv1 Vlqfh
xqghu rxu dvvxpswlrqv #￿ : f/ #r  f/ #- 	 f dqg #￿￿ 	 fcb 2lv srvlwlyh1 Pruhryhu/
b2 lv ohvv wkdq xqlw| li dqg rqo| li
#￿E& 	   #rE-E&#-E& 1 +46,
Qrwh wkdw wklv frqglwlrq lv lqghshqghqw ri oderxu pdunhw sdudphwhuv dqg frlqflghv
zlwk wkh xvxdo vwdelolw| frqglwlrq ri wkh frpshwlwlyh Gldprqg prgho1 Iru lqvwdqfh/
li wkh surgxfwlrq ixqfwlrq kdv frqvwdqw hodvwlflw| ri vxevwlwxwlrq j	dqg li wkh
lqwhuhvw hodvwlflw| ri vdylqjv lv }hur +zklfk lv wkh fdvh li wkh lqwhuwhpsrudo xwlolw|
ixqfwlrq lv Free Grxjodv,/ wkhuh duh w|slfdoo| wzr srvlwlyh vwhdg| vwdwhv zlwk }hur
jryhuqphqw erqgv ri zklfk rqo| wkh odujhu rqh vdwlvhv +46, dqg lv wkhuhiruh vwdeoh1
Dv lq wkh frpshwlwlyh prgho +vhh/ iru h{dpsoh/ D}duldglv +4<<6/ Fkdswhu :,,/ vxfk
d vwhdg| vwdwh lv hlwkhu d vdggoh ru d vlqn1
Sursrvlwlrq 4 Frqvlghu d vwhdg| vwdwh E&cK ri +;, dqg +<, vdwlvi|lqj +43, dqg
+46,1 Wkhq/ dv iru wkh shuihfwo| frpshwlwlyh Gldprqg hfrqrp|/ wkh vwhdg| vwdwh lv d
vdggoh li lw lv g|qdplfdoo| h!flhqw +-E& : , dqg lw lv d vlqn li lw lv g|qdplfdoo|
lqh!flhqw +-E& 	 ,1
Wkxv/ zkhqhyhu wkh lqwhuhvw udwh h{fhhgv wkh jurzwk udwh ri wkh hfrqrp| +zklfk
lv }hur vlqfh zh devwudfw iurp whfkqrorjlfdo surjuhvv dqg srsxodwlrq jurzwk,/ erqg
g|qdplfv duh xqvwdeoh1 Qrwh/ krzhyhu/ wkdw hyhq d g|qdplfdoo| h!flhqw vwhdg|
vwdwh lv vwdeoh wr shuwxuedwlrqv ri wkh hfrqrp|/ vlqfh wkh K 'fd{lv lv wkh vwdeoh
pdqlirog/ dv looxvwudwhg lq Iljxuh 7 +d,1 Li d vkrfn shuwxuev wkh hfrqrp|/ wkh fdslwdo
lqwhqvlw| zrxog xowlpdwho| frqyhujh edfn wr lwv vwhdg| vwdwh ydoxh/ surylghg wkdw wkh
jryhuqphqw edodqfhv lwv exgjhw lq hdfk shulrg1
7 Xqedodqfhg exgjhwv
Vxssrvh qrz wkdw wkh jryhuqphqw grhv qrw dgmxvw wkh wd{ udwh wr edodqfh lwv exgjhw




+d, Edodqfhg exgjhwv +e, Xqedodqfhg exgjhwv
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Iljxuh 7= Orfdo g|qdplfv dw d g|qdplfdoo| h!flhqw vwhdg| vwdwh +U:4,
dqg wkh jryhuqphqw nhhsv wkh wd{ udwh {hg dw  ' ￿E&1 Lqvwhdg ri +9,/ wkh






Djdlq xqghu dvvxpswlrq +D4,/ wklv htxdwlrq ghwhuplqhv d xqltxh vkruwuxq htxlole0
ulxp fdslwdo lqwhqvlw| &| iru dq| ohyho ri wkh fdslwdo vwrfn g|1 Dv vkrzq lq Iljxuh
c wkh wzr htxloleulxp fxuyhv duh vlplodu wr wkh rqhv xqghu d edodqfhgexgjhw uxoh/
exw wkh ohiwkdqg vlgh Ec lv qrz d  dwwhu fxuyh wkdq ￿E1 Wkh uhdvrq lv dv
iroorzv= Vxssrvh wkdw/ vwduwlqj iurp d edodqfhg exgjhw/ wkh fdslwdo vwrfn idoov/ udlv0
lqj wkh xqhpsor|phqw udwh dqg gulylqj wkh exgjhw lqwr ghflw1 Li wkh jryhuqphqw
edodqfhv lwv exgjhw/ lw qhhgv wr udlvh wkh wd{ udwh zklfk ixuwkhu lqfuhdvhv xqhpsor|0
phqw1 Wkxv/ d edodqfhgexgjhw uxoh jhqhudoo| dpsolhv wkh vkrfn lq wkh vkruwuxq/
zkhuhdv d {hg wd{ udwh dfwv dv dq dxwrpdwlf vwdelol}hu/ lq dffrugdqfh zlwk wudgl0
wlrqdo Nh|qhvldq dujxphqwv1 Dv zh vkrz ehorz/ wkh rssrvlwh lv wkh fdvh lq wkh orqj
uxq= dq xqedodqfhg exgjhw uxoh dpsolhv wkh shuvlvwhqfh ri xqhpsor|phqw dqg pd|
hyhq ghvwdelol}h wkh hfrqrp|1
Frqvlghu qrz wkh g|qdplfv xqghu xqedodqfhg exgjhwv1 Lqvwhdg ri +:,/ wkh djjuhjdwh
lqfrph ri wkh |rxqj jhqhudwlrq lq shulrg | lv qrz |u| n _|1 Wkxv/ wkh g|qdplf
htxdwlrqv +;, dqg +<, duh uhsodfhg e|
&|n￿E  E&|n￿c n K|n￿ ' rE-E&|n￿EE&|E  E&|c n _E&|c / +47,
dqg
K|n￿ ' -E&|K| n _E&|c 1 +48,
47Reylrxvo|/ wkh vwhdg| vwdwh E&cK 'f ri wkh g|qdplfdo v|vwhp +;, dqg +<, glvfxvvhg
lq Sursrvlwlrq  lv dovr d vwhdg| vwdwh ri +47, dqg +48,1 Wkh rwkhu vwhdg| vwdwhv ri wkh
edodqfhg exgjhw g|qdplfv +l1h1 wkh jroghquxoh vwhdg| vwdwh wr eh glvfxvvhg ehorz ru
rwkhu vwhdg| vwdwhv zlwk }hur jryhuqphqw ghew, duh dovr vwhdg| vwdwhv ri wkh g|qdplfv
zlwk xqedodqfhg exgjhwv/ exw reylrxvo| iru glhuhqw wd{ udwhv1 Pruhryhu/ iru wkh
{hg wd{ udwh / +47, dqg +48, w|slfdoo| dovr kdyh d vwhdg| vwdwh zlwk d shupdqhqw
vfdo ghflw ru vxusoxv1 Vxfk vwhdg| vwdwhv zloo krzhyhu qrw eh frqvlghuhg lq wklv
sdshu +vhh Fkdon +5333, iru dq hoderudwh dqdo|vlv ri vwhdg| vwdwhv zlwk shupdqhqw
ghflwv lq wkh frpshwlwlyh Gldprqg prgho,1
Zh qrz h{whqg Sursrvlwlrq  wr wkh fdvh ri xqedodqfhg exgjhwv1 Vwhdg| vwdwhv dv
glvfxvvhg lq Sursrvlwlrq  duh djdlq hlwkhu d vdggoh ru d vlqn/ exw qrz wkh frqglwlrq
iru d vlqn lv vwurqjhu wkdq zlwk edodqfhg exgjhwv dqg ghyldwhv iurp wkh shuihfwo|
frpshwlwlyh fdvh1
Sursrvlwlrq 5 Frqvlghu d vwhdg| vwdwh E&cK ri +47, dqg +48, vdwlvi|lqj +43, dqg
+46,1 Wkhq vwdelolw| ihdwxuhv fruuhvsrqg qr orqjhu wr wkh ehqfkpdun fdvh ri d shu0
ihfwo| frpshwlwlyh hfrqrp|1 Wkh vwhdg| vwdwh lv d vdggoh li
-E& : n
_ &E &c
E  E&cE  #rE-E&#-E&  #￿E&  rE-E&_&E&c
 - 1
Wkh vwhdg| vwdwh lv d vlqn li -E& 	 -1 Khqfh/ vlqfh -	 / d g|qdplfdoo| h!flhqw
vwhdg| vwdwh lv d vdggoh/ zkhuhdv d g|qdplfdoo| lqh!flhqw vwhdg| vwdwh lv d vdggoh
ru d vlqn1 Lq doo wkhvh fdvhv/ r0vwhdg| vwdwh g|qdplfv duh prqrwrqh1 Li wkh vwhdg|
vwdwh lv d vdggoh/ wkh vwdeoh pdqlirog lv xszdugvorslqj lq E&cK vsdfh1
Surri= Dsshqgl{1
Wr xqghuvwdqg lqwxlwlyho| zk| wkh vwdeoh pdqlirog lv dq xszdugvorslqj fxuyh/ frq0
vlghu wkh iroorzlqj dujxphqw lq wkh g|qdplfdoo| h!flhqw fdvh +-E& : ,= zkhq &
idoov ehorz &/ wkh ghflw _E&c ehfrphv srvlwlyh dw wkh {hg wd{ udwh vlqfh hp0
sor|phqw dqg wkh zdjh udwh duh idoolqj1 Fruuhvsrqglqjo|/ wkh lqwhuhvw idfwru ulvhv=
-E& :- E & : 1 Li vrph E&cK zlwk K  f zdv rq wkh vwdeoh pdqlirog/ erqg g|0
qdplfv zrxog eh xqvwdeoh vlqfh -E&K n _E&c :Kf 1 Khqfh/ K	flv qhhghg iru
vwdeoh erqg g|qdplfv/ dqg wkhuhiruh wkh vwdeoh pdqlirog lv xszdugvorslqj1 Iljxuh 7
+e, looxvwudwhv wkh vwdeoh pdqlirog dqg wkh fxuyhv &|n￿ ' &| dqg K|n￿ ' K|1 E| vlplodu
uhdvrqlqj/ -E& 	  lv qrw vx!flhqw wr vwdelol}h wkh hfrqrp|/ vlqfh wkh lvvxhg erqgv
furzg rxw fdslwdo/ wkhuhe| udlvlqj lwv pdujlqdo surgxfw lq d srvvleo| ghvwdelol}lqj
zd|1 Ryhudoo g|qdplfv zloo uhpdlq vwdeoh/ rqo| li/ dw wkh rxwvhw/ -E& lv vx!flhqwo|
vpdoo +-E& 	 -	 ,148 Qrwh wkdw/ lq frqwudvw wr wkh jroghquxoh vwhdg| vwdwh wr eh
48Fkdon +5333, dujxhv vlploduo| wkdw shupdqhqw vfdo ghflwv qhhg qrw eh vxvwdlqdeoh/ hyhq li
wkh lqwhuhvw udwh idoov vkruw ri wkh jurzwk udwh1
48glvfxvvhg lq Vhfwlrq 9/ wkh uhdo ydoxh ri erqgv fdqqrw dgmxvw e| fkdqjhv lq wkh sulfh
ohyho wr uhvwruh vwdelolw| dorqj wkh vwdeoh pdqlirog1 Vwduwlqj rxw iurp K 'f cd mxps
ri wkh sulfh ohyho fdqqrw eulqj derxw d srvlwlyh ydoxh ri jryhuqphqw dvvhw kroglqjv
zklfk zrxog eh qhhghg wr frxqwhudfw wkh exgjhw ghflw diwhu d idoo lq wkh fdslwdo
lqwhqvlw|1 Wkxv/ vdggohsdwk vwdelolw| lq Sursrvlwlrq 2 lpsolhv wkdw shuwxuedwlrqv
zklfk ohdg rq lpsdfw wr d jryhuqphqw ghflw fdq rqo| eh vwdelol}hg e| dssursuldwh
vfdo dgmxvwphqwv dw vrph srlqw lq wkh ixwxuh1
8 Dgmxvwphqw diwhu d whpsrudu| zdjh suhvvxuh
Frqvlghu d whpsrudu| zdjh suhvvxuh zklfk lv lqgxfhg/ iru lqvwdqfh/ e| vwurqjhu
xqlrq srzhu lq zdjh qhjrwldwlrqv +d idoo lq q,1 Vshflfdoo|/ vxssrvh wkh hfrqrp|
lv lq d vwhdg| vwdwh ri wkh w|sh glvfxvvhg lq Sursrvlwlrqv  dqg 2 dqg wkhuh lv
dq xqdqwlflsdwhg zdjh suhvvxuh lq shulrg | rqo|/ zkloh iurp shulrg | nrqzdugv
oderxu pdunhw frqglwlrqv duh dv ehiruh1 Lq whupv ri Iljxuh / wklv phdqv wkdw wkh
fxuyhv ￿ dqg Ec vkliw xs lq shulrg |/ dqg duh edfn dw wkhlu ruljlqdo srvlwlrq
diwhuzdugv1 Wkxv/ xqghu erwk exgjhwdu| srolflhv/ wkh zdjh vkrfn udlvhv wkh fdslwdo
lqwhqvlw| dqg wkh xqhpsor|phqw udwh rq lpsdfw/ exw xqhpsor|phqw lqfuhdvhv pruh
xqghu edodqfhg exgjhwv1 Vlqfh wkh vwrfn ri erqgv pdwxulqj lq | lv suhghwhuplqhg
dw K| 'f / wkh zdjh suhvvxuh ohdgv xqghu erwk exgjhwdu| uxohv wr d vwdwh E&|cf zlwk
&| : &
Xqghu edodqfhg exgjhwv +EE,/ wkh jryhuqphqw dgmxvwv wkh wd{ udwh vxfk wkdw wkh
ghflw lq shulrg | +dqg wkhuhe| wkh vwrfn ri erqgv lq shulrg | n , lv }hur1 Dv0
vxplqj wkdw #￿E& 	 / kljkhu xqhpsor|phqw ghsuhvvhv wkh lqfrph ri wkh |rxqj
jhqhudwlrq/49 vdylqjv duh ghfolqlqj/ dqg wkh fdslwdo vwrfn lq wkh qh{w shulrg idoov1
Wkxv lq shulrg | n / zkhq wkh zdjh suhvvxuh lv ryhu/ wkh xszdugvorslqj fxuyh lq
Iljxuh 6 vkliwv xszdugv/ dqg wkh fdslwdo lqwhqvlw| idoov ehorz lwv vwhdg| vwdwh ohyho1
Luuhvshfwlyh ri zkhwkhu wkh vwhdg| vwdwh lv d vdggoh ru d vlqn/ wkh fdslwdo lqwhqvlw|
frqyhujhv edfn wr wkh vwhdg| vwdwh/ vlqfh wkh vwdelolw| frqglwlrq +46, lv vdwlvhg1
Xqhpsor|phqw uhpdlqv deryh lwv qdwxudo ohyho dorqj wkh dgmxvwphqw sdwk1 Wkxv/
xqhpsor|phqw g|qdplfv h{klelw shuvlvwhqfh lq wkh vhqvh wkdw whpsrudu| vkrfnv
kdyh odvwlqj hhfwv rq xqhpsor|phqw1
Frqvlghu qrz dq xqedodqfhg exgjhwv srolf| +XE,1 Dvvxplqj #￿E& 	  d q ge |d
vlplodu dujxphqw dv lq irrwqrwh 49/ wkh exgjhw uxqv lqwr ghflw rq lpsdfw/ dqg wkh
vwrfn ri erqgv lq shulrg | nehfrphv srvlwlyh1 Vdylqjv duh ghfolqlqj dqg duh qrz
sduwo| devruehg e| jryhuqphqw erqgv1 Khqfh/ wkh xszdugvorslqj fxuyh lq Iljxuh
49Lq idfw/ kljkhu zdjhv dqg kljkhu xqhpsor|phqw duh frxqwhudfwlqj hhfwv rq wkh lqfrph ri wkh
|rxqj jhqhudwlrq1 Krzhyhu/ vlqfh z+n,+4xE+n,, @ z+n,N@+Qn,/ wkh |rxqj jhqhudwlrq*v lqfrph
idoov zlwk wkh lqfuhdvh ri n surylghg wkdw z ? 4/ zklfk lv rqo| d voljkwo| vwurqjhu frqglwlrq wkdq
+46,1
496 vkliwv ixuwkhu xs xqghu +XE,/ dqg lq shulrg |nwkh fdslwdo lqwhqvlw| xqghuvkrrwv
lwv vwdwlrqdu| ohyho e| pruh wkdq xqghu +EE,1 Zkhwkhu xqhpsor|phqw lq shulrg
| nlv kljkhu ru orzhu xqghu +XE, lv dpeljxrxv dqg ghshqgv rq wkh vkdsh ri
wkh fxuyhv lq Iljxuh 6= rq wkh rqh kdqg/ wkh {hg wd{ udwh xqghu +XE, whqgv wr
nhhs xqhpsor|phqw orz exw/ rq wkh rwkhu kdqg/ wkh orzhu fdslwdo vwrfn ghsuhvvhv
hpsor|phqw pruh1 Zlwk d vx!flhqwo| orz hodvwlflw| ri vxevwlwxwlrq ehwzhhq oderxu
dqg fdslwdo/ wkh vhfrqg hhfw grplqdwhv/ dqg xqhpsor|phqw lq shulrg |nlv kljkhu
xqghu +XE, wkdq xqghu +EE,1 Lq prvw ri rxu vlpxodwlrq vwxglhv wklv uhvxow kdv ehhq
frquphg lqghhg1
Wr glvfxvv wkh orqjuxq g|qdplfv lq pruh ghwdlo/ vxssrvh uvw wkdw wkh vwhdg| vwdwh
xqghu +XE, lv d vlqn / l1h1 -	- 1 Dffruglqj wr Sursrvlwlrq 5/ wkh hfrqrp|
frqyhujhv prqrwrqlfdoo| edfn wr wkh vwhdg| vwdwh/ vlplodu wr wkh dgmxvwphqw xqghu
+EE,1 Wkh orz lqwhuhvw udwh jxdudqwhhv wkdw wkh ghflw dqg jryhuqphqw ghew duh
uhgxfhg dxwrpdwlfdoo|/ zlwkrxw dq| qhhg ri ixwxuh wd{ dgmxvwphqwv1 Krzhyhu/ wkh
vshhg ri dgmxvwphqw wr wkh qhz vwhdg| vwdwh whqgv wr eh orzhu xqghu +XE, wkdq
xqghu +EE,= Li wkh lqwhuhvw idfwru lv forvh wr -/ dgmxvwphqw wr wkh vwhdg| vwdwh
iroorzv dq hljhqydoxh forvh wr rqh +wklv iroorzv iurp wkh surri ri Sursrvlwlrq 5 zklfk
vkrzv wkdw wkh odujhu hljhqydoxh htxdov xqlw| dw - ' -,1 Lq frqwudvw/ wkh uhohydqw
hljhqydoxh xqghu +EE, lv b2 jlyhq e| +45, zklfk lv vwulfwo| vpdoohu wkdq rqh1
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zlwk hodvwlflw| ri vxevwlwxwlrq j 'f  Sdqg g ' u ' f f ck'f  D 1 Ixuwkhupruh/
wkh ghsuhfldwlrq udwh lv B 'f  S / oderxu pdunhw sdudphwhuv duh q 'f   /Z'f  2 /
@' ../  ' f / dqg wkh vdylqjv udwh lv r 'f  +uhvxowlqj iurp d Free
Grxjodv lqwhuwhpsrudo xwlolw| ixqfwlrq,1 Wkhvh sdudphwhuv lpso| d vwhdg| vwdwh
xqhpsor|phqw udwh  'H  fSI/ wd{ udwh  'S  .I dqg zdjh udwh E& ' 2eS./
vxfk wkdw wkh vwhdg| vwdwh uhsodfhphqw udwlr lv .DI1 Wkh lqwhuhvw idfwru lv - '
fDHb 	 - 'f  .1 Lq shulrg 6/ q idoov wr ffD dqg iurp shulrg 7 rqzdugv lw lv edfn
dw q 'f   1 Wkh wzr fxuyhv vkrz wkh dgmxvwphqw g|qdplfv ri wkh fdslwdo lqwhqvlw|
dqg ri wkh xqhpsor|phqw udwh1 Wkh vrolg fxuyhv duh wkh wlph vhulhv xqghu +EE,/
dqg wkh gdvkhg fxuyhv xqghu wkh +XE, srolf|1 Xqhpsor|phqw lqfuhdvhv ohvv lq wkh
shulrg ri wkh vkrfn xqghu +XE,/ exw h{fhhgv wkh ohyho xqghu wkh +EE, srolf| lq doo
iroorzlqj shulrgv1 Pruhryhu/ xqghu +XE, dgmxvwphqw wr wkh vwhdg| vwdwh lv vorzhu
dqg xqhpsor|phqw g|qdplfv h{klelw pruh shuvlvwhqfh wkdq xqghu +EE,1
Wkhvh uhvxowv ehfrph hyhq pruh surqrxqfhg li wkh lqwhuhvw idfwru h{fhhgv wkh fulwlfdo
ohyho -:- / l1h1 li wkh vwhdg| vwdwh lv d vdggoh xqghu wkh +XE, g|qdplfv/ lq zklfk
fdvh dgmxvwphqw g|qdplfv duh xqvwdeoh1 Vlqfh &|n￿ 	 & dqg K|n￿ : f/ E&|n￿cK |n￿ lv
qrw rq wkh xszdugvorslqj vdggoh sdwk/ dqg wkh g|qdplfv duh glyhujlqj rq d sdwk
4:Iljxuh 8= Dgmxvwphqw g|qdplfv diwhu d whpsrudu| zdjh suhvvxuh lq wkh fdvh -	-
zlwk edodqfhg +vrolg, dqg xqedodqfhg +gdvkhg, exgjhwv1
zlwk idoolqj fdslwdo vwrfn/ ulvlqj lqwhuhvw udwhv dqg hyhu lqfuhdvlqj jryhuqphqw ghew
+vhh Iljxuh 7 +e,,1 Lq sduwlfxodu/ qrwh wkdw wkh uhdo ydoxh ri erqgv fdqqrw dgmxvw +e|
dq dssursuldwh dgmxvwphqw ri wkh sulfh ohyho, wr uhvwruh vwdelolw| ri wkh vwhdg| vwdwh1
Wr dfklhyh vwdelolw| dqg wr jxdudqwhh d vxvwdlqdeoh vfdo vwdqfh lq wkh orqj uxq/ wkh
jryhuqphqw kdv wr uhvruw wr d vfdo frqvrolgdwlrq lq odwhu shulrgv1 Lq rxu prgho/ wklv
phdqv wkdw ixwxuh wd{ lqfuhdvhv duh qhhghg wr sd| edfn wkh dffxpxodwhg ghew ri wkh
suhylrxv shulrgv1 Vxfk wd{ dgmxvwphqwv dhfw xqhpsor|phqw dgyhuvho| gxulqj wkh
frqvrolgdwlrq skdvh1 Wkh odwhu wkh vfdo frqvrolgdwlrq lv fduulhg rxw/ wkh pruh wkh
wd{ udwhv qhhg wr eh udlvhg/ dqg wkh vwurqjhu duh wkh hhfwv rq ixwxuh xqhpsor|phqw1
Zkloh wkh h{dfw wlph sdwk ri xqhpsor|phqw ghshqgv rq wkh wlplqj ri frqvrolgdwlrq
hruwv/ lw lv txlwh olnho| wkdw wkh dyhudjh udwh ri xqhpsor|phqw gxulqj wkh wudqvlwlrq
zloo eh odujhu wkdq xqghu +EE,1
Zh looxvwudwh wkhvh qglqjv zlwk dqrwkhu vlpxodwlrq vwxg| lq Iljxuh 914: Wkh vrolg
olqhv vkrz wkh dgmxvwphqw ri &/ / K dqg  xqghu +EE,/ dqg wkh gdvkhg olqhv wkh
+XE, g|qdplfv zklfk duh qrz xqvwdeoh1 Qrwh wkdw xqhpsor|phqw lq shulrg 7 diwhu
wkh vkrfn lv mxvw voljkwo| kljkhu xqghu +XE,/ exw lqfuhdvhv odwhu ehfdxvh ri ixuwkhu
lqfuhdvhv lq jryhuqphqw ghew dqg d ghfolqlqj fdslwdo vwrfn1 Wkh grwwhg olqh vkrzv
wkh wlph sdwkv lqgxfhg e| d srolf| zklfk uholhv rq +XE, lq shulrg 6 dqg vzlwfkhv
lq shulrg 7 wr d frpsohwh vfdo frqvrolgdwlrq/ l1h1 wkh jryhuqphqw udlvhv wkh wd{
udwh vr dv wr sd| edfn doo ghew lvvxhg lq wkh shulrg ri wkh vkrfn1 Diwhu wkdw/ wkh
4:Doo prgho sdudphwhuv duh dv ehiruh/ dsduw iurp  @3 = 9 /@3 = 5 /d q gd@5 6 3 = 6;/ ohdglqj
wr vwhdg| vwdwh ydoxhv x @4 3 = 7;(/  @; = 3:(> dqg z+n,@6 6 7 = 4:/ vxfk wkdw wkh vwhdg| vwdwh
uhsodfhphqw udwlr lv djdlq :8(1 Wkh lqwhuhvw idfwru lv qrz U @4 = 365 A U @3 = 8:6/d q gz h
frqvlghu wkh vdph vkrfn dv ehiruh1
4;Iljxuh 9= Dgmxvwphqw g|qdplfv ri &/ / K dqg  diwhu d whpsrudu| zdjh suhvvxuh
lq wkh fdvh -:-zlwk edodqfhg exgjhwv +vrolg,/ xqedodqfhg exgjhwv +gdvkhg,/ dqg
lqlwldoo| xqedodqfhg exgjhwv lq shulrg 6 zlwk frpsohwh frqvrolgdwlrq lq shulrg 7 +grw0
whg,1
jryhuqphqw uhwxuqv wr d +EE, srolf|/ l1h1 lw pdlqwdlqv d }hur ghflw iurp shulrg 8
rqzdugv1 Wkh frqvrolgdwlrq qrw rqo| vwuhqjwkhqv shuvlvwhqfh ri wkh xqhpsor|phqw
sdwk/ exw lw dovr udlvhv wkh phdq udwh ri xqhpsor|phqw gxulqj wkh wudqvlwlrq/ lq
sduwlfxodu lq frpsdulvrq zlwk wkh +XE, g|qdplfv lq Iljxuh 81
9 Wkh jroghquxoh vwhdg| vwdwh
Wkh wudgh0r glvfxvvhg lq wkh suhylrxv vhfwlrq ehfrphv ohvv dssduhqw li rqh frq0
vlghuv wkh jroghquxoh vwhdg| vwdwh zlwk srvlwlyh erqg kroglqjv zklfk h{lvwv lq d
g|qdplfdoo| lqh!flhqw hfrqrp| ehvlghv wkh vwhdg| vwdwh zlwk }hur ghew14; Qrz
4;Lq sulqflsoh/ U @4frxog dovr suhydlo dw vwhdg| vwdwhv zlwk d }hur ghflw dw zklfk wkh jry0
huqphqw dfwv dv d qhw ohqghu wr wkh sulydwh vhfwru +e?3,1 Krzhyhu/ wklv frqvwhoodwlrq lv ri ohvv
4<erwk exgjhwdu| uxohv vkduh wkh ihdwxuh wkdw g|qdplfv duh vdggohsdwk vwdeoh/ dv lq
wkh ixoo| frpshwlwlyh prgho zlwk d iulfwlrqohvv oderxu pdunhw1
Sursrvlwlrq 6 Frqvlghu d vwhdg| vwdwh E&cK ri +;, dqg +<, vdwlvi|lqj +44, dqg
+46,/ zlwk K:f Wkhq/ wkh vwhdg| vwdwh lv d vdggoh xqghu hlwkhu exgjhwdu| uxoh
dqg h{klelwv prqrwrqh dgmxvwphqw dorqj wkh vwdeoh pdqlirog1 Pruhryhu/ wkh vwdeoh
hljhqydoxh lv vpdoohu xqghu wkh xqedodqfhg exgjhwv g|qdplfv wkdq xqghu wkh edodqfhg
exgjhwv g|qdplfv1
Surri= Dsshqgl{1
Dv d frpprq ihdwxuh ri wkh wzr uxohv/ wkh lqwhusuhwdwlrq ri wklv uhvxow ghshqgv fulw0
lfdoo| rq krz rqh dvvhvvhv wkh srwhqwldoo| vwdelol}lqj uroh ri sulfh ohyho dgmxvwphqwv1
Lq sduwlfxodu/ zlwk wkh qrplqdo ydoxh ri ghew dqg wkh qrplqdo lqwhuhvw udwh ehlqj
suhghwhuplqhg/ wkh uhtxluhg r0vwhdg| vwdwh dgmxvwphqwv lq wkh uhdo ydoxh ri erqgv
fdq dozd|v eh eurxjkw derxw e| dssursuldwh fkdqjhv ri wkh sulfh ohyho1 Lqghhg/ lq
qrplqdo whupv wkh jryhuqphqw*v exgjhw frqvwudlqw lv |n￿ ' U|| n R|_|/ zkhuh U|
ghqrwhv wkh +suhghwhuplqhg, qrplqdo lqwhuhvw udwh dqg R| wkh sulfh ohyho1 Wkxv/ wkh
uhdo ydoxh ri erqgv lvvxhg lq shulrg |/ K|n￿ ' |n￿*R| ' U|ER|3￿*R|K|n_|/ fdq dgmxvw
e| dq dssursuldwh mxps ri wkh sulfh ohyho vr wkdw E&|n￿cK |n￿ idoov rqwr wkh vdggoh
sdwk +surylghg wkdw K| : f,1 Krzhyhu/ jlyhq wkh h{lvwhqfh ri pxowlsoh vwhdg| vwdwhv/
wkhuh lv qr frpshoolqj uhdvrq zk| sulfhv vkrxog dgmxvw h{dfwo| lq wklv pdqqhu1 Li
wkh sulfh ohyho grhv qrw dgmxvw ru dgmxvwv lq d glhuhqw pdqqhu/ erqg g|qdplfv
zrxog hlwkhu ehfrph xqvwdeoh +lq zklfk fdvh qr lqwhuwhpsrudo htxloleulxp zrxog eh
ihdvleoh, ru wkh hfrqrp| zrxog frqyhujh wr dqrwkhu vwhdg| vwdwh +zklfk lv lq wkh
+EE, g|qdplfv wkh g|qdplfdoo| lqh!flhqw vwhdg| vwdwh,1 Vlqfh wkhuh duh dq lq0
qlwh qxpehu ri vxfk htxloleulxp sdwkv/ lw vhhpv sduwlfxoduo| xqolnho| wkdw wkh sulfh
ohyho dgmxvwv h{dfwo| vxfk wkdw wkh hfrqrp| lv rq wkh vdggoh sdwk ri wkh jroghquxoh
vwhdg| vwdwh +fi1 wkh glvfxvvlrq ri pxowlsoh vwhdg| vwdwhv lq wkh Gldprqg prgho e|
Eodqfkdug dqg Ilvfkhu +4<;</ ss1 559,,1
\hw/ vxssrvh lq wkh iroorzlqj wkdw wkh sulfh ohyho dgmxvwv lq wkh shulrg ri wkh zdjh
vkrfn vxfk wkdw hfrqrp| lv rq wkh vdggoh sdwk iurp shulrg |nrqzdugv1 Qr ixwxuh
wd{ dgmxvwphqwv duh qhhghg vlqfh vwdelolw| lv dfklhyhg e| wkh dgmxvwphqw ri wkh sulfh
ohyho dorqh1 Vlplodu wr wkh suhylrxv fdvhv/ wkh vkrfn udlvhv xqhpsor|phqw lq shulrg
| e| pruh xqghu wkh +EE, srolf|1 Exw lq frqwudvw wr vwhdg| vwdwhv zlwk }hur ghew/
Sursrvlwlrq 6 lpsolhv wkdw dgmxvwphqw wr wkh vwhdg| vwdwh lv vorzhu xqghu wkh +EE,
g|qdplfv1 Wkxv/ wkh +XE, srolf| qrw rqo| ohdgv wr orzhu xqhpsor|phqw rq lpsdfw/
exw dovr lq wkh dgmxvwphqw g|qdplfv1
Iljxuh : vxssruwv wkhvh qglqjv e| d vlpxodwlrq vwxg|14< Wkh h{shulphqw uhyhdov
lqwhuhvw/ vlqfh wkh vwhdg| vwdwh ri Sursrvlwlrq 4 zrxog wkhq eh g|qdplfdoo| h!flhqw1
4<Sdudphwhuv duh wkh vdph dv lq wkh uvw vlpxodwlrq h{huflvh dsduw iurp  @3 = 7dqg d @4 8 < = 35
zklfk lpsolhv d Jroghq Uxoh vwhdg| vwdwh +n>e,@+ 5 7 = :;>54=84, zlwk z @4 8 < = 67/ x @4 5 = 64(/
53Iljxuh := Dgmxvwphqw g|qdplfv diwhu d whpsrudu| zdjh suhvvxuh dw wkh jroghq0uxoh
vwhdg| vwdwh zlwk edodqfhg +vrolg, dqg xqedodqfhg +gdvkhg, exgjhwv1
wkdw wkh dgmxvwphqw ri wkh sulfh ohyho lv vwurqj hqrxjk wr hqvxuh wkdw wkh uhdo
ydoxh ri ghew lq shulrg | nidoov ehorz lwv vwhdg| vwdwh ohyho/ hyhq xqghu +XE,
zkhq wkh jryhuqphqw uxqv d ghflw lq shulrg |1 Pruhryhu/ wkh idoo lq wkh fdslwdo
lqwhqvlw| lq shulrg |nlv zhdnhu xqghu +XE,/ dqg wkxv xqhpsor|phqw lv orzhu1 Dv d
uhvxow/ xqhpsor|phqw lv orzhu xqghu +XE, wkdq xqghu +EE, lq doo shulrgv dorqj wkh
dgmxvwphqw sdwk1 Exw qrwh djdlq wkdw wklv h{wuhph uhvxow klqjhv rq wkh dvvxpswlrq
ri vwdelol}lqj sulfh dgmxvwphqw/ zlwkrxw zklfk wkh jroghquxoh vwhdg| vwdwh zrxog
eh xqvwdeoh xqghu hlwkhu exgjhwdu| uxoh1
 @< = 85(/ vr wkdw wkh uhsodfhphqw udwh lv djdlq :8(1 L qs h u l r g6 /z hd v v x p h@3 = 3<> zkloh
 @3 = 38 lq doo rwkhu shulrgv1
54: Glvfxvvlrq
Eurdgo| vshdnlqj/ zh eholhyh wkhuh lv olwwoh glvdjuhhphqw ehwzhhq hfrqrplvwv rq wkh
phulwv dqg wkh ulvnv dvvrfldwhg zlwk d srolf| ri xqedodqfhg jryhuqphqw exgjhwv1 Lq
sduwlfxodu/ xqedodqfhg exgjhwv zklfk rshudwh v|pphwulfdoo| ryhu wkh exvlqhvv f|foh
whqg wr dfw dv dxwrpdwlf vwdelol}huv/ lqdvpxfk dv ghpdqg lv uhgxfhg lq errpv dqg
vwlpxodwhg lq uhfhvvlrqv1 Li xvhg lq wklv zd|/ xqedodqfhg exgjhwv zloo eh rvhwwlqj
ryhu wkh f|foh dqg wkh| rhu d frqyhqlhqw cuxoh* zklfk whqgv wr eh pruh hhfwlyh
wkdq wkh glvfuhwlrqdu| qh0wxqlqj ri wd{ dqg h{shqglwxuh dgmxvwphqwv lq wkh srolwlfdo
ghflvlrq surfhvv1 Pruhryhu/ idflqj d orzhu ulvn suhplxp/ wkh jryhuqphqw vkrxog eh
lq d ehwwhu srvlwlrq wkdq sulydwh krxvhkrogv wr idflolwdwh lqwhuwhpsrudo frqvxpswlrq
vprrwklqj1 Ixuwkhu vwuhvvlqj wkh dgydqwdjhv ri wkh xvh ri dxwrpdwlf vwdelol}huv/
Vfkplww0Jurkì dqg Xuleh +4<<:, kdyh uhfhqwo| vkrzq zlwklq d qhrfodvvlfdo jurzwk
prgho wkdw h{shfwdwlrqv ri wd{ dgmxvwphqwv dlphg dw edodqflqj wkh exgjhw pd| zhoo
eh vhoiixooolqj/ ohdglqj wr lqghwhuplqdwh udwlrqdo h{shfwdwlrqv htxloleuld hyhq lq
wkh devhqfh ri ixqgdphqwdo vkrfnv153
Krzhyhu/ dv uhfhqwo| vxppdul}hg e| wkh RHFG +4<<<,/ uho|lqj rq d srolf| ri xq0
edodqfhg exgjhwv lqyduldeo| lqyroyhv wkh ulvn wkdw dxwrpdwlf vwdelol}huv zloo uhdfw wr
+srwhqwldoo| orqj odvwlqj, vwuxfwxudo vkrfnv dv zhoo1 Wkxv/ xqedodqfhg exgjhwv pd|
zhoo pdvn d ghwhulrudwlrq ri wkh xqghuo|lqj vwuxfwxudo ghflw/ dqg uhtxluhg dgmxvw0
phqwv pd| wkhuhiruh eh srvwsrqhg1 Hylghqwo|/ vxfk d srolf|/ wkrxjk udwlrqdol}deoh
lq d srolwlfdo hfrqrp| frqwh{w/ pd| eh frvwo| lq wkh orqj uxq/ sduwlfxoduo| zkhq
ghflwv jr kdqg lq kdqg zlwk dgyhuvh erqg g|qdplfv154
Dgguhvvlqj ydulrxv vrxufhv ri xqhpsor|phqw shuvlvwhqfh lq RHFG frxqwulhv/ wkh
vwxg| ri Hophvnry dqg PdfIduodq +4<<6, uhdfkhv d frqfoxvlrq zklfk ghvfulehv yhu|
zhoo wkh whqvlrqv zklfk duh lpsolflw lq d srolf| wkdw uholhv vwurqjo| rq dxwrpdwlf
vwdelol}huv/ l1h1 doorzv iru xqedodqfhg exgjhwv= Erwk k|vwhuhvlv dqg vorz dgmxvwphqw
pd| eh vhhq dv mxvwli|lqj hruwv wr dyrlg odujh vkrfnv wr hfrqrplhv1 Wklv frxog eh dq
dujxphqw iru kdylqj vwurqj dxwrpdwlf vwdelol}huv/ sduwlfxoduo| li wkh vwduwlqj srlqw
zdv rqh ri orz xqhpsor|phqw111Krzhyhu/ dxwrpdwlf vwdelol}huv duh dovr olnho| wr
uhdfw wr fkdqjhv lq xqhpsor|phqw fdxvhg e| d ulvlqj qdwxudo udwh/ zklfk pd| kdyh
53Xvlqj d vlplodu dujxphqw/ Urfkhwhdx +4<<<, vkrzv krz edodqfhg exgjhwv fdq uhqghu wkh
htxloleulxp udwh ri xqhpsor|phqw lqghwhuplqdwh lq d pdwfklqj prgho ri wkh oderxu pdunhw1 Wkh
vhwxs lv vxfk wkdw h{shfwdwlrqv ri kljkhu wd{hv lqgxfh hpsor|huv wr uhgxfh uhfuxlwphqw1 Vlqfh wkh
wd{ edvh lqfuhdvhv zlwk wkh qxpehu ri mrev/ jryhuqphqw exgjhw edodqflqj uhtxluhv d kljkhu wd{
ohyho/ lq dffrugdqfh zlwk hpsor|huv* eholhiv1
54Lq lwv ryhuylhz/ wkh RHFG eurdgo| frqfoxghv wkdw 111dgyhuvh ghew g|qdplfv kdyh ehhq yhu|
surplqhqw lq prvw RHFG frxqwulhv gxulqj wkh 4<<3v/ hvshfldoo| lq frxqwulhv wkdw kdg kljk ghew
ohyhov iurp wkh rxwvhw111Vxfk srru vwduwlqj srvlwlrqv vwhpphg iurp wkh hduolhu idloxuh wr xvh vfdo
dxwrpdwlf vwdelol}huv v|pphwulfdoo| gxulqj suhylrxv exvlqhvv f|fohv111Prvw frxqwulhv kdyh vxffhhghg
lq rvhwwlqj wkh uhvxowlqj dgyhuvh ghew g|qdplfv lq wkh 4<<3v e| vwurqj vfdo frqvrolgdwlrq1 RHFG
+4<<<,/ s1 4771
55d ghvwdelol}lqj lq xhqfh rq wkh hfrqrp|155 Zh wklqn wkdw wklv vwdwhphqw lv zhoo
wdnhq dqg/ lq d vhqvh/ rxu sdshu pd| eh vhhq dv dq dwwhpsw wr ghyhors d iudphzrun
zklfk dffrxqwv iru wkh whqvlrqv dgguhvvhg lq wkh vwdwhphqw lq d uljrurxv zd|1
Lq rughu wr nhhs wkh frpsdulvrq ehwzhhq wkh uhjlphv ri edodqfhg dqg xqedodqfhg
exgjhw srolflhv dqdo|wlfdoo| wudfwdeoh/ rxu wuhdwphqw ri wd{ lqvwuxphqwv lv ghole0
hudwho| vlpsoh1 Ydulrxv vwxglhv frqvlghu dowhuqdwlyh/ pruh hoderudwh wd{ vfkhphv
zlwklq edodqfhg exgjhwv1 Devwudfwlqj iurp xqhpsor|phqw/ Xkolj dqg \dqdjdzd
+4<<9, dujxh wkdw xqghu wkh vshfldo olihf|foh dvvxpswlrqv ri ryhuodsslqj jhqhud0
wlrqv hfrqrplhv/ uhyhqxhqhxwudo vkliwv iurp oderxu wr fdslwdo wd{dwlrq duh olnho|
wr udlvh rxwsxw vlqfh dq| vxfk vkliw lpsolhv d uhglvwulexwlrq ri glvsrvdeoh lqfrph
wrzdugv djhqwv zlwk d kljkhu vdylqjv surshqvlw|1 \hw/ wklv eldv ri ryhuodsslqj jhq0
hudwlrqv prghov wrzdugv fdslwdo wd{dwlrq lv ohvv fohdufxw lq pxowlshulrg vhwwlqjv156
Slvvdulghv +4<<;, frqvlghuv d qrqolqhdu zdjh wd{/ pdgh xs ri d {hg dqg d sur0
sruwlrqdo frpsrqhqw/ dqg frqfoxghv wkdw fkdqjhv lq wkh wd{ vwuxfwxuh fdq kdyh
vljqlfdqw hpsor|phqw hhfwv1
Forvho| uhodwhg wr rxu dqdo|vlv/ Gdyhul dqg Wdehoolql +5333, vwxg| wkh lpsdfw ri sur0
sruwlrqdo zdjh wd{hv rq xqhpsor|phqw lq dq ryhuodsslqj jhqhudwlrqv hfrqrp| zlwk
froohfwlyh zdjh edujdlqlqj/ dvvxplqj edodqfhg exgjhwv wkurxjkrxw wkhlu dqdo|vlv1
Wkh| dujxh wkdw d odvwlqj lqfuhdvh ri wkh zdjh wd{ +dqg wkxv oderxu frvwv, lqfuhdvhv
xqhpsor|phqw/ vorzv grzq lqyhvwphqw dqg uhgxfhv jurzwk dqg frqfoxgh wkdw wd{d0
wlrq vkrxog eh vkliwhg pruh vwurqjo| rq frqvxpswlrq ru fdslwdo1 Lq rxu dqdo|vlv zdjh
wd{hv duh lqfuhdvhg/ li dw doo/ whpsrudulo| wr edodqfh wkh exgjhw1 Krzhyhu/ rxu prgho
lv shuihfwo| frpsdwleoh zlwk wkh ylhz wkdw shupdqhqwo| kljkhu zdjh wd{hv udlvh xq0
hpsor|phqw zklfk lv vxssruwhg e| wkh hpslulfdo qglqjv ri Gdyhul dqg Wdehoolql1
Rxu uhvxowv duh wkxv frpsohphqwdu| wr wkhlu dqdo|vlv e| srlqwlqj dw wkh lpsruwdqfh
ri wkh vwdqfh ri wkh exgjhwdu| edodqfh1
Ilqdoo|/ vwxg|lqj rswlpdo wd{ vfkhgxohv lq d vpdoo rshq hfrqrp|/ Nrvnhod dqg Vfkùe
+5333, srlqw rxw wkdw wkh frqyhqwlrqdo zlvgrp wr wd{ oderxu +dv wkh ohvv preloh idf0
wru, pruh vwurqjo| wkdq fdslwdo pd| zhoo eh prglhg li uhfrqvlghuhg lq d edujdlqlqj
iudphzrun1 Lq sduwlfxodu/ xqghu xqhpsor|phqw wkh vxsso| ri oderxu whqgv wr eh
udwkhu hodvwlf/ dqg dffruglqj wr wkh lqyhuvh hodvwlflw| uxoh wklv vxjjhvwv wkdw oderxu
vkrxog qrw qhfhvvdulo| eh wd{hg dw d kljkhu udwh wkdq fdslwdo1
Gudzlqj rq wkhvh vwxglhv/ rqh pd| zhoo dujxh wkdw rxu wuhdwphqw ri d sursruwlrqdo
zdjh wd{ dv wkh rqo| wd{ lqvwuxphqw pdnhv wkh vkruwuxq hpsor|phqw hhfwv ri d
edodqfhgexgjhw srolf| sduwlfxoduo| vwurqj1 Krzhyhu/ d frpsuhkhqvlyh dqdo|vlv ri
rswlpdo wd{dwlrq lq rxu g|qdplf iudphzrun/ lq sduwlfxodu zlwk uhvshfw wr wkh hhfwv
ri fdslwdo wd{dwlrq/ lv eh|rqg wkh vfrsh ri wklv sdshu dqg ohiw iru ixwxuh uhvhdufk1
55Hophvnry dqg PdfIduodq +4<<6,/ s1 ;71
56Iru d uhodwhg glvfxvvlrq lq d frqwlqxrxvwlph ryhuodsslqj jhqhudwlrqv hfrqrp| vhh Ehuwrod
+4<<9,1
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Zh dujxh lq wklv sdshu wkdw wkh glvdssrlqwlqj hpsor|phqw uhfrug ri pdq| RHFG
frxqwulhv ehjlqqlqj lq wkh 4<:3v pd| kdyh ehhq dhfwhg e| vljqlfdqw fkdqjhv lq
wkh vfdo vwdqfh1 Lq sduwlfxodu/ zh suhvhqw vrph hylghqfh wkdw d odvwlqj zhdnhqlqj ri
wkh jryhuqphqwv vwuxfwxudo edodqfh ohdgv wr kljkhu xqhpsor|phqw shuvlvwhqfh1 Wr
dffrxqw iru wklv hylghqfh/ zh suhvhqw d g|qdplf jhqhudo htxloleulxp prgho zklfk
h{soruhv wkh g|qdplf lqwhudfwlrq ehwzhhq fdslwdo irupdwlrq/ vfdo srolflhv/ dqg xq0
hpsor|phqw uhvxowlqj iurp froohfwlyh zdjh edujdlqlqj1
Zh frqvlghu wkh hhfwv ri wzr glvwlqfw exgjhwdu| uxohv ri edodqfhg dqg xqedodqfhg
exgjhwv1 Xqghu d vwulfw edodqfhgexgjhw uxoh/ zh vkrz wkdw vwhdg| vwdwhv dqg
wkhlu vwdelolw| ihdwxuhv fruuhvsrqg qdwxudoo| wr wkh shuihfwo| frpshwlwlyh ehqfkpdun
fdvh/ zkhuhdv wkh g|qdplfv whqg wr eh xqvwdeoh xqghu xqedodqfhg exgjhwv1 Zh
dqdo|}h krz wkh hfrqrp| uhdfwv wr dgyhuvh vwuxfwxudo vkrfnv +vxfk dv h{fhvvlyh
zdjh vhwwlqj, xqghu hlwkhu srolf|1 Xqghu edodqfhg exgjhwv/ wkh jryhuqphqw qhhgv
wr udlvh wd{hv zklfk ohdgv rq lpsdfw wr kljkhu xqhpsor|phqw1 Krzhyhu/ zkhq wkh
vkrfn lv ryhu/ wkh uhfryhu| ri hpsor|phqw lv uhodwlyho| idvw gxh wr d pruh surgxfwlyh
dvvhw vwuxfwxuh1 E| frqwudvw/ xqghu xqedodqfhg exgjhwv wkh jryhuqphqw ohdyhv wd{hv
xqfkdqjhg dqg wkhuhe| plwljdwhv dgyhuvh hpsor|phqw hhfwv rq lpsdfw1 Krzhyhu/
xqhpsor|phqw g|qdplfv duh qrz olnho| wr h{klelw pruh shuvlvwhqfh/ ghshqglqj rq
wkh vwuhqjwk ri furzglqj rxw hhfwv1 Pruhryhu/ zkhq erqg g|qdplfv duh xqvwdeoh/
orz xqhpsor|phqw wrgd| zloo eh erxjkw dw wkh h{shqvh ri kljkhu xqhpsor|phqw dw
vrph srlqw lq wkh ixwxuh1 Lq vkruw/ e| vwuhvvlqj wkh hhfwv rq wkh oderxu pdunhw/
rxu sdshu jlyhv d uljrurxv dffrxqw ri wkh phulwv ri xqedodqfhg exgjhwv +zkhq xvhg
v|pphwulfdoo| ryhu wkh f|foh, dv zhoo dv ri wkh gdqjhuv +zkhq xvhg lqdssursuldwho|
wr srvwsrqh dgmxvwphqwv wr vwuxfwxudo vkrfnv,1
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Surri ri wkh Ohppd=
Ohw & eh vxfk wkdw f 	> E &cf 	  +dqg wkxv f 	 E &cf 	 , iru doo &  & +vxfk
d & h{lvwv e| dvvxpswlrq +D4,,1 Wkxv iru hdfk &  & dqg dw d }hur wd{ udwh/ wkh
sxeolf ghflw lv zhoo ghqhg dqg srvlwlyh= _E&cf : f1 Qrwh wkdw >￿ : f1 Vlqfh
> whqgv wr lqqlw| dv  whqgv wr   @*E&/ wkh xqhpsor|phqw udwh htxdov xqlw|
+dqg vr hpsor|phqw lv }hur, dw vrph vx!flhqwo| kljk wd{ udwh  5 Efc  @*E&
zklfk vroyhv >E&c' Vroylqj iru wklv ydoxh |lhogv  '@*EE&E  >￿E&/
zlwk f 	> ￿E & 	dqg E&E  >￿E& :@ehlqj vdwlvhg ehfdxvh ri >E&cf 	 1
Fohduo|/ dw  wkh ghflw _E&c lv dovr srvlwlyh1 Xvlqj wkh ghqlwlrq ri / wkh ghflw
lv srvlwlyh l
@Z>E&c : E & E  >E&c 1
Xvlqj wkh ghqlwlrq ri > dqg diwhu vrph pdqlsxodwlrq/ wklv ehfrphv

2E&E  >￿E& n  E@E  Z>￿E&  E&E  >￿E& n @Z>￿E& : f 1 +49,
Wkh OKV ri +49, kdv d plqlpxp
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zlwk WE& : f Wkh ghflw dw WE& lv qhjdwlyh li +49, lv vdwlvhg zlwk 	dw WE&1
Diwhu vrph pdqlsxodwlrqv/ wklv dprxqwv wr vkrz wkdw
e@
2Z>￿E& 	 EE&E  >￿E&  @E n Z>￿E&
2 1 +4:,
Lw lv reylrxv wkdw +4:, lv ixooohg li @ lv vx!flhqwo| vpdoo1 Zh fkrrvh vrph @ vr wkdw
+4:, lv vdwlvhg dw & ' & iru doo @  @ +wklv lv ihdvleoh ehfdxvh ri >￿E& 	 ,1 Vlqfh
 lv lqfuhdvlqj dqg >￿ lv qrqlqfuhdvlqj lq &/ +4:, lv dovr vdwlvhg dw dq| &  &1
Khqfh/ wkh exgjhw lv edodqfhg e| wzr wd{ udwhv f 	 ￿E & 	 2E & 	E & zkhqhyhu
@  @ dqg &  &1 Pruhryhu/ vlqfh _& 	 f dqg vlqfh _￿ 	 f dw  ' ￿E&/ zh kdyh
 ￿
￿E& 	 f1 
Suholplqdulhv wr wkh surriv ri Sursrvlwlrqv 5 dqg 6=
Wkh Mdfreldq pdwul{ a ri +;, dqg +<, ru ri +47, dqg +48, hydoxdwhg dw d vwhdg| vwdwh










-&K n _& -
&
zkhuh % '    &&r--&E : f dqg zkhuh doo ixqfwlrqv duh hydoxdwhg dw wkh
vwhdg| vwdwh1 Xqghu +EE,/ zh kdyh _& 'f / zkhuhdv _& 	 f xqghu +XE,1 Pruhryhu/
58& lv uhsodfhg e| ￿& ' _￿*E_& lq fdvh ri +EE,1 Fdofxodwlqj wkh ghwhuplqdqw dqg
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Fohduo|/ xqghu +EE, _i|a:fdqg Ah a:fehfdxvh ri _& 'f / &:f / ￿& 	 f/
-& 	 f dqg K  f1 Xqghu +XE,/ vxevwlwxwlqj _& 'E @n&&E   uhyhdov
wkdw _i|a 'E r-*%E&EE&E @* : f vlqfh  @* : f
iurp wkh Ohppd1 Pruhryhu/ Ah a:f 1
Surri ri Sursrvlwlrq 5=








Vxevwlwxwlqj _i|a dqg % dqg uhduudqjlqj |lhogv
_& 	 E-  EE  E  r--&  r&n &E r  &  r_&
'E -  EE  E  #r#-  #￿  r_& /
zkhuh wkh odvw olqh xvhv r ' &* dw d vwhdg| vwdwh zlwk K 'f 1 Xqghu wkh vwdelo0
lw| dvvxpswlrq +46,/ wklv frqglwlrq lv wkh vdph dv wkh frqglwlrq -:-vwdwhg lq
Sursrvlwlrq 51 Khqfh/ li wklv frqglwlrq lv vdwlvhg/ wkh vwhdg| vwdwh lv d vdggoh dqg
dgmxvwphqw g|qdplfv duh prqrwrqh1 Rq wkh rwkhu kdqg/ li -	- / wkh vwhdg| vwdwh
lv d vlqn= _i|a:   Ah a lv fohduo| vdwlvhg vlqfh _i|a dqg Ah a duh srvlwlyh1
Pruhryhu/ _i|a: nA ha' n-n _i|a*-_&*% |lhogv
-_&
%
: E-  E-  _i|a /
zklfk lpsolhv _i|a	vlqfh _& 	 f dqg -	-	 1 Ixuwkhupruh/ lw lv hdv| wr
fkhfn wkdw dgmxvwphqw g|qdplfv wr d vlqn lv prqrwrqh/ l1h1 wkdw e_i|a	EAha2
lv vdwlvhg1
Lw uhpdlqv wr eh vkrzq wkdw wkh vwdeoh pdqlirog lv xszdugvorslqj lq E&cK vsdfh
zkhqhyhu wkh vwhdg| vwdwh lv d vdggoh1 Ghqrwh e| kwkh xsshu ohiw hqwu| ri wkh Mdfr0
eldq1 Wkhq wkh vwdeoh pdqlirog lv xszdugvorslqj l b￿ 	k 1 Xvlqj wkh lqhtxdolw|










59Khqfh/ b￿ 	klv vdwlvhg li _i|a	k - 1 Exw wklv lv fohduo| ixooohg vlqfh _i|a '
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Surri ri Sursrvlwlrq 6=
Frqvlghu d vwhdg| vwdwh zlwk - 'dqg K:f 1 Xvlqj +4;,/ wkh vdggoh frqglwlrq
_i|a	 nA halv htxlydohqw wr E_& n -&K*% 	 f zklfk lv fohduo| vdwlvhg xqghu
erwk wkh +EE, dqg wkh +XE, g|qdplfv vlqfh _&  f dqg K:f 1 Vlqfh _i|a dqg Ah a
duh srvlwlyh/ erwk hljhqydoxhv duh srvlwlyh1
Ghqrwh e| bL +b￿ uhvs1, wkh vwdeoh hljhqydoxh xqghu +XE, ++EE, uhvs1, g|qdplfv/
dqg e| (L +(￿, wkh ghwhuplqdqwv ri wkh Mdfreldqv1 Qrwh uvw wkdw (L 	( ￿ l
&E    & n_&
&& r--&E  
	
&E    ￿&
&￿& r--&E  
1
Ehfdxvh ri _& 	 f dqg & : ￿&/ wklv lv vdwlvhg zkhqhyhu wkh ixqfwlrq E'
E  & E    *E    & r--&E   lv ghfuhdvlqj1 Exw wklv lv wkh fdvh
vlqfh wkh vwdelolw| frqglwlrq +46, lv vdwlvhg/ dqg wkxv (L 	( ￿ 1 Zh dovr kdyh
bL 	b ￿ li
AL 
t
EAL2  e(L 	A ￿
t
E A ￿ 2e ( ￿ +4<,
krogv/ zkhuh AL 'n( LE _ &n- &K  *%L dqg A￿ 'n( ￿- &K*%￿ ghqrwh wkh
wudfh xqghu +XE, dqg +EE,1 Vlqfh %￿ :% L :f /f:- &K*%￿ : E_& n -&K*%L/d q g












Wkh ixqfwlrq ) lv lqfuhdvlqj lq ( zkhqhyhu )E( 	 2 zklfk lv fohduo| vdwlvhg
dw ( ' (￿ ehfdxvh ri b￿ 	 1 Khqfh/ ) lv lqfuhdvlqj dovr dw doo (  (￿1L q
sduwlfxodu/ vlqfh (L 	( ￿/) E ( L	) E ( ￿lv vdwlvhg1 Khqfh/ bL 	b ￿1 
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Gdyhul/ I1 dqg Wdehoolql/ J1/ Xqhpsor|phqw dqg wd{hv/ Hfrqrplf Srolf|/ 63/ 7<
437/ Dsulo/ 53331
Ghyhuhx{/ P1 dqg Orfnzrrg/ E1/ Wudgh xqlrqv/ qrq0elqglqj zdjh djuhhphqwv/ dqg
fdslwdo dffxpxodwlrq/ Hxurshdq Hfrqrplf Uhylhz/ 68/ 4744059/ 4<<41
Hophvnry/ M1 dqg PdfIduodq/ P1/ Xqhpsor|phqw shuvlvwhqfh/ RHFG Hfrqrplf
Vwxglhv/ 5493;;/ 4<<61
5;Nddv/ O1 dqg yrq Wkdgghq/ O1/ Xqhpsor|phqw/ idfwru vxevwlwxwlrq/ dqg fdslwdo
irupdwlrq/ Glvfxvvlrq Sdshu 4234/ Ghxwvfkh Exqghvedqn/ 53341
Nrvnhod/ H1 dqg Vfkùe/ U1/ Rswlpdo idfwru lqfrph wd{dwlrq lq wkh suhvhqfh ri xq0
hpsor|phqw/ FHVlir Zrunlqj Sdshu/ Qr1 5:</ 53331
Od|dug/ U1/ Qlfnhoo/ V1/ dqg Mdfnpdq/ U1/ Xqhpsor|phqw/ Pdfurhfrqrplf shuiru0
pdqfh dqg wkh oderxu pdunhw/ R{irug Xqlyhuvlw| Suhvv/ 4<<41
RHFG/ Wkh vl}h dqg uroh ri dxwrpdwlf vfdo vwdelol}huv/ RHFG Hfrqrplf Rxworrn/
99/ 46:7</ 4<<<1
Slvvdulghv/ F1/ Orvv ri vnloo gxulqj xqhpsor|phqw dqg wkh shuvlvwhqfh ri xqhpsor|0
phqw vkrfnv/ Txduwhuo| Mrxuqdo ri Hfrqrplfv/ 43:/ 46:4<4/ 4<<51
Slvvdulghv/ F1/ Wkh lpsdfw ri hpsor|phqw wd{ fxwv rq xqhpsor|phqw dqg zdjhv=
wkh uroh ri xqhpsor|phqw ehqhwv dqg wd{ vwuxfwxuh/ Hxurshdq Hfrqrplf Uhylhz/
75/ 488;6/ 4<<;1
Urfkhwhdx/ J1/ Edodqfhg0exgjhw uxohv dqg lqghwhuplqdf| ri wkh htxloleulxp xqhp0
sor|phqw udwh/ R{irug Hfrqrplf Sdshuv/ 84/ 6<<73</ 4<<<1
Urhg/ N1/ Xqhpsor|phqw k|vwhuhvlv 0 pdfur hylghqfh iurp 49 RHFG frxqwulhv/
Hpslulfdo Hfrqrplfv/ 54/ 8;<933/ 4<<91
Urzwkruq/ U1/ Xqhpsor|phqw/ zdjh edujdlqlqj dqg fdslwdo0oderxu vxevwlwxwlrq/
Fdpeulgjh Mrxuqdo ri Hfrqrplfv/ 56/ 746058/ 4<<<1
Vfdushwwd/ V1/ Dvvhvvlqj wkh uroh ri oderxu pdunhw srolflhv dqg lqvwlwxwlrqdo vhwwlqjv
rq xqhpsor|phqw= D furvv0frxqwu| vwxg|/ RHFG Hfrqrplf Vwxglhv/ 5924/ 76<;/
4<<91
Vfkplww0Jurkì/ V1 dqg Xuleh/ P1/ Edodqfhg0exgjhw uxohv/ glvwruwlrqdu| wd{hv/ dqg
djjuhjdwh lqvwdelolw|/ Mrxuqdo ri Srolwlfdo Hfrqrp|/ 43828/ <:94333/ 4<<:1
Xkolj/ K1 dqg \dqdjdzd/ Q1/ Lqfuhdvlqj wkh fdslwdo lqfrph wd{ pd| ohdg wr idvwhu
jurzwk/ Hxurshdq Hfrqrplf Uhylhz/ 73/ 4854073/ 4<<91
Ydq ghu Sorhj/ I1/ Exgjhwdu| srolflhv/ iruhljq lqghewhgqhvv/ wkh vwrfn pdunhw/ dqg
hfrqrplf jurzwk/ R{irug Hfrqrplf Sdshuv/ 7;/ 6;56<9/ 4<<91
5<